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ABSTRACT 
A review of  t h e  theory  of n e u t r a l  atom broadening 
i n  t h e  impact approximation and q u a s i - s t a t i c  l i m i t s  i s  g i v -  
en. The impact approximation i s  considered i n  d e t a i l  and a 
new c a l c u l a t i o n  f o r  t h e  l i n e  width i s  presented. The r e s u l t  
c l o s e l y  resembles t h a t  of Griem (1964). A new source of 
5 0 0 0 ' ~  helium and (eventua l ly)  hydrogen has  been developed, 
using a r ap id  compression technique. The f i n a l  (compressed) 
gas condi t ions  f o r  t h i s  p i s t o n  compressor have been c a l c u l a t -  
ed and found t o  agree approximately with measured va lues  of 
p ressu re ,  temperature,  and dens i ty .  Techniques have a l s o  been 
developed t o  measure e l e c t r o n  d e n s i t i e s  i n  t h i s  source.  The 
source was used t o  enable rapid-scanning Fabry-Perot measure- 
ments of t h e  h a l f  width ah-of Na - A 5889 i n  He over t h e  den- 
20 r 
s i t y  range 10 < NHe & 2.5 x lo2' a t  4500 '~ .  The measure- 
ments showed a l i n e a r  dependence of A A  on N with t h e  broad- 
P ~e ' 
ening - 4.5 g r e a t e r  than t h e  Van de r  Waals impact approxima- 
t i o n  p red ic t ion .  The impl ica t ions  of these  r e s u l t s  f o r  t h e  as- 
t r o p h y s i c a l l y  important case  of Fraunhoffer l i n e  broadening i n  
hydrogen a re  discussed.  
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I .  INTRODUCTION 
Measurement of t h e  d e t a i l e d  shapes of  s t e l l a r  l i n e  
p r o f i l e s  p rov ides  t h e  most d i r e c t  technique f o r  
a s c e r t a i n i n g  t h e  p h y s i c a l  cond i t i ons  i n  t h e  atmosphere 
of t h e  s t a r  i n  which they  a r e  formed. Although i n  many 
s t a r s  t h e  l i n e  p r o f i l e s  cannot  be  measured a c c u r a t e l y ,  
even crude e s t i m a t e s  of  l i n e  wid ths  and displacements  
g i v e  va luab le  in format ion  on t h e  composition and d e n s i t y  
of  t h e  atmosphere. Line p r o f i l e s  may a l s o  be  used t o  
determine abundances f o r  comparison w i t h  va lues  ob ta ined  
from t h e  curve of  growth method. Study of  t h e  wings o f  
abso rp t ion  l i n e s  and a  subsequent abundance a n a l y s i s  h a s  
t h e  advantage t h a t  t h e  wings a r e  formed i n  deeper  l a y e r s  
of t h e  photosphere,  where atmospheric s t r u c t u r e  appears  
b e t t e r  e s t a b l i s h e d  (Mdller ,  1967) .  Probably t h e  most 
important  knowledge t o  be  gained from j u s t  l i n e  wid ths  
a lone  though i s  an independent measure of  t h e  l o c a l  
d e n s i t y  and hence t h e  g r a v i t y  (Cayrel ,  l 9 6 2 ) ,  s i n c e  
pressure-broadened l i n e  wid ths  must be  r e l a t e d  t o  t h e  
d e n s i t y  of t h e  p e r t u r b i n g  gas .  This  cons ide ra t ion  i n  f a c t  
l e d  t o  t h e  conclusion t h a t  t h e  observed broadening of  t h e  
s o l a r  Fraunhoffer  l i n e s  was due t o  t h e  r a d i a t i n g  
(absorb ing)  a tom's  c o l l i s i o n s  wi th  n e u t r a l  hydrogen atoms, 
a s  t h e  v a r i a t i o n  i n  broadening from d i f f e r e n t  a tmospher ic  
l a y e r s  followed t h e  v a r i a t i o n  i n  n e u t r a l  hydrogen 
d e n s i t y .  A s  i n d i c a t o r s  of t h e  g r a v i t y ,  measurements o f  
l i n e  p r o f i l e s  and an unders tanding o f  t h e i r  form could  
have even t h e  most g e n e r a l  consequences f o r  s t e l l a r  
s t r u c t u r e  and evo lu t ion .  
The p r o f i l e s  of  abso rp t ion  l i n e s  ( o r ,  e q u i v a l e n t l y ,  
emission l i n e s )  a r e  determined p r i m a r i l y  by t h e  fonn o f  
t h e  abso rp t ion  c o e f f i c i e n t  , which depends i n  t u r n  upon 
t h e  mechanisms f o r  broadening l i n e s .  The broadening of 
s p e c t r a l  l i n e s  i s  a  r e s u l t  of  a l l  t h e  p o s s i b l e  i n f l u e n c e s  
on t h e  r a d i a t i n g  atom. The e f f e c t  of  i t s  own thermal  
motion, which broadens t h e  l i n e s  s t a t i s t i c a l l y ,  i s  known 
a s  Doppler broadening.  S ince  t h e  broadening - Ah i s  of  
h 
o r d e r  v/c, f o r  thermal  v e l o c i t i e s  (v  r l o 5  cm/sec) of  
t h e  r a d i a t i n g  atom, t h e  Doppler (Gaussian) widths  a r e  of  
o r d e r  0.01 i. S p e c t r a l  l i n e s  a r e  f u r t h e r  broadened by 
r a d i a t i o n  damping, which i s  due t o  t h e  f i n i t e  wid ths  of  
t h e  two energy l e v e l s  a s s ~ c i a t e d  wi th  t h e  l i n e .  This  
c o n t r i b u t i o n  t o  t h e  ( ~ o r e n t z i a n )  width  o f  t h e  l i n e  i s  a l s o  
of  o r d e r  0.01 i. Line broadening a l s o  a r i s e s  from t h e  
e f f e c t s  o f  c o l l i s i o n s  o f  e i t h e r  charged o r  n e u t r a l  
p a r t i c l e s  w i t h  t h e  r a d i a t i n g  atom. That  i n  t h e  vast 
m a j o r i t y  of exper imental  systems c o l l i s i o n  broadening i s  
more important  t han  e i t h e r  Doppler broadening o r  
r a d i a t i o n  damping i s  c l e a r  from t h e  fol lowing argument 
(Baranger,  1958) .  I n  any system i n  thermal  equ i l i b r ium 
i n  which we observe t h e  abso rp t ion  o r  emission o f  l i g h t ,  
t h e  f a c t  t h a t  t h e  spectrum i s  no t  a  blackbody spectrum 
means t h a t  t h e  r a d i a t i o n  i s  n o t  i n  thermal equ i l i b r ium 
wi th  t h e  system. The thermal  equi l ib r ium i s  then  due t o  
i n t e r a c t i o n s  through c o l l i s i o n s .  Because t h e  c o l l i s i o n s  
have t o  be s t rong  enough t o  main ta in  thermal  equ i l i b r ium 
i n  s p i t e  of  t he  d i s r u p t i v e  e f f e c t  of  t h e  non-equil ibrium 
r a d i a t i o n  f i e l d ,  t h e  c o l l i s i o n s  broaden t h e  l i n e  more than 
t h e  r a d i a t i o n  damping. 
 heo ore tical e s t i m a t e s  of  t h e  broadening due t o  
n e u t r a l  atoms assume t h e  i n t e r a c t i o n  p o t e n t i a l  t o  be  
Van d e r  Waals of t h e  form -c,/R~ (Griem, 1964) . The 
magnitude of t h e  r a t i o  o f  t h e  l i n e  width  t o  s h i f t ,  
/d, s e rves  a s  a  t e s t  of t h i s  i n t e r a c t i o n  
(Van Regemorter, 1965) b u t  i t  has never been s a t i s f a c t o r i l y  
measured f o r  a s t r o p h y s i c a l l y  s i g n i f i c a n t  cond i t i ons .  
~ u s c h  (1958) measured t h e  widths  o f  a few i r o n  l i n e s  i n  
hydrogen and found t h e  p r e d i c t e d  widths  t o o  smal l  by a  
f a c t o r  of  four ,  b u t  h i s  source  was an i r o n  a r c  and t h e  
q u e s t i o n  of  complete mixing of t h e  Fe and H atoms a r i s e s .  
Hindmarsh (1959) has  measured t h e  va lue  o f  AhlI2/d f o r  
t h e  Ca 4227 i resonance l i n e  i n  helium and o b t a i n s  a 
s i m i l a r  d i sc repancy  wi th  theory ,  b u t  h i s  measurements 
were conf ined  t o  furnace temperatures  of - 400°K. 
F i n a l l y ,  Behmenburg (1964) has  measured t h e  Na-D (5889 i) 
width i n  H e  a t  a helium d e n s i t y  o f  N - 3 x 10" ~ r n - ~  He 
and temperature  T 2600°K. However h i s  r e s u l t  t h a t  
t h e  h a l f  width  was a f a c t o r  - 2 g r e a t e r  than t h e  
Van d e r  Waals t heo ry  p r e d i c t i o n  i s  a l s o  somewhat t e n t a t i v e  
i n  t h a t  h i s  source  was a sodium flame immersed i n  -- 75% 
helium and 25% impur i ty  gases  (H20, C O z ,  OH, and C O ) .  
The lack  o f  unambiguous measurements of  l i n e  wid ths  
a t  va r ious  measured p e r t u r b i n g  g a s  d e n s i t i e s  prompted t h e  
p r e s e n t  exper imental  measurements o f  t h e  broadening o f  
t h e  Na-D (5889 1) resonance l i n e  i n  helium a t  T - 4500°K 
-3 and NHe 10"' c m  . The sodium resonance l i n e  was chosen 
because of  i t s  s t r e n g t h  i n  s t e l l a r  s p e c t r a  and t h e  e a s e  
w i th  which i t s  p r o f i l e  may be  measured t o  y i e l d  n e u t r a l  
hydrogen d e n s i t i e s  and hence s t e l l a r  g r a v i t i e s .  The 
broadening was measured i n  He r a t h e r  than H because a 
monatomic g a s  i s  hea ted  more e f f i c i e n t l y  than a d ia tomic  
g a s  by an a d i a b a t i c  compression, which was t h e  technique 
used t o  ach ieve  high temperatures  wh i l e  main ta in ing  low 
e l e c t r o n  d e n s i t i e s  and hence n e g l i g i b l e  S t a r k  broadening.  
The p r e s e n t  des ign  of  t h i s  new p i s t o n  compressor ( a s  
d i scus sed  i n  Sec t ion  111) l i g h t  source  enab le s  u s  t o  
measure broadening i n  H e  a t  5000°K with N 2 lo2 '  ~ m ' ~ ,  He 
and whi le  it was p o s s i b l e  t o  measure l i n e  half -widths  
s imul taneous ly  wi th  T and N it was n o t  p o s s i b l e  t o  
~e ' 
measure t h e  s h i f t ,  d. An improved p i s t o n  compressor now 
under c o n s t r u c t i o n  should permi t  hal f -width  (and p o s s i b l e  
s h i f t )  measurements of t h e  Na-D and o t h e r  a s t r o p h y s i c a l l y  
i n t e r e s t i n g  (e.g. Mg-B) l i n e s  i n  H a t  N -- lo2 '  cm-3 and H 
i n  He a t  N -. 5 x 10'' cm+. 
H e  
Many a u t h o r s  have c o n t r i b u t e d  t o  t h e  g e n e r a l  t heo ry  
of  p re s su re  broadening by n e u t r a l  atom c o l l i s i o n s .  The 
f i r s t  t rea tment  of  l i n e  broadening was, of  course ,  t h a t  
of Lorentz i n  1906, and i s  known a s  t h e  impact theory  of 
c o l l i s i o n  broadening.  This  t rea tment ,  a s  d i d  t hose  
subsequent ly  of Weisskopf (1932) and Lindholm (1941) ,  
e s s e n t i a l l y  regards  a  c o l l i s i o n  a s  g iv ing  rise t o  an 
"abrupt"  phase change (of  i n f i n i t y  (Lorentz)  o r  of  u n i t y  
( ~ e i s s k o p f )  ) i n  t h e  r a d i a t i o n  emit ted.  The phase  s h i f t  
c r i t e r i a  f o r  such c o l l i s i o n s ,  which occur a t  a  frequency 
v and a r e  s t a t i s t i c a l l y  independent,  a r e  then formulated 
i n  terms of  a " c o l l i s i o n  diameter"  p, which involves  t h e  
i n t e r a c t i o n  p o t e n t i a l  between t h e  p e r t u r b e r  and i n i t i a l  
s t a t e  of  t h e  r a d i a t i n g  e l e c t r o n .  The l i n e  width by t h i s  
Lorentz ian theo ry  i s  then j u s t  v ,  s i n c e  we  may view t h e  
l i n e  width a s  be ing  t h e  i n v e r s e  of t h e  t ime r equ i r ed  f o r  
t h e  l i g h t  t o  l o s e  "memory" o f  i t s  o r i g i n a l  phase. Thus 
i n  t h i s  Lorentz ian l i m i t  o f  complete i n t e r r u p t i o n s  of  t h e  
wave t r a i n ,  no s h i f t  of  t h e  l i n e  c e n t e r  i s  p red ic t ed .  
However, a  more g e n e r a l  s tudy  o f  t h i s  f a s t  c o l l i s i o n a l  
approximation o r  "impact approximation",  which we s h a l l  
review i n  Sec t ion  11 ,  does p r e d i c t  a  s h i f t .  
A t  t h e  o t h e r  extreme from t h e  c a l c u l a t i o n s  o f  l i n e  
p r o f i l e s  u s ing  t h e  impact approximation a r e  those  u s ing  
t h e  " q u a s i - s t a t i c  approximation",  in t roduced  by Holtsmark 
(1919) and developed subsequent ly  by many o t h e r s .  These 
c a l c u l a t i o n s  proceed by f i r s t  assuming a l l  t h e  p e r t u r b e r s  
a r e  a t  f i x e d  p o s i t i o n s  s h i f t i n g  t h e  spectrum of  sharp  l i n e s .  
Then one performs a  s t a t i s t i c a l  average over  p o s i t i o n s ,  
which g i v e s  a  broadened spectrum. Such a  procedure i s  
c l e a r l y  admiss ib le  i f  phase changes a r e  l a r g e  i n  t i m e s  
s h o r t  compared t o  a  " c o l l i s i o n  t ime",  de f ined  a s  b/v where 
v  i s  t h e  p e r t u r b e r ' s  v e l o c i t y  and b  t h e  impact parameter.  
The important  d i f f e r e n c e  i n  t h e s e  two t h e o r i e s  i s  i n  t h e i r  
p r e d i c t i o n  of  t h e  v a r i a t i o n  of hal f -width  wi th  p e r t u r b e r  
d e n s i t y :  t h e  impact approximation r e s u l t s  a r e  l i n e a r  i n  
N ,  whi le  t h e  q u a s i - s t a t i c  r e s u l t s  a r e  approximately  
q u a d r a t i c  (Margenau, 1935) . 
The d i f f e r e n c e  between t h e  ranges  o f  v a l i d i t y  of 
t h e s e  two l i m i t i n g  approximations may be expressed i n  
terms o f  t h e  r e l a t i o n s h i p  between c o l l i s i o n  frequency and 
c o l l i s i o n  time. The Lorentz  impact theory  r e q u i r e s  
s t a t i s t i c a l l y  independent "s t rong"  c o l l i s i o n s  t h a t  
produce l a r g e  phase s h i f t s .  To be independent,  they  must 
be  wel l - separa ted  i n  t ime i n  comparison wi th  t he  c o l l i s i o n  
t ime.  Thus t h e  impact approximation i s  g e n e r a l l y  v a l i d  
i f  s t r o n g  c o l l i s i o n s  occur  a t  i n t e r v a l s  much longer  than 
t h e  c o l l i s i o n  t ime,  whereas t h e  q u a s i - s t a t i c  approximation 
i s  good i f  s t r o n g  c o l l i s i o n s  occur  f r equen t ly .  The 
i m p l i c a t i o n s  a r e  then t h a t  t h e  q u a s i - s t a t i c  approximation 
w i l l  b e  v a l i d  a t  h igh  p e r t u r b e r  d e n s i t i e s  and f a r  i n  t h e  
wings o f  t h e  l i n e .  The v a l i d i t y  o f  t h e  impact approximation 
r e q u i r e s  a  t y p i c a l  c o l l i s i o n  (no t  c o n t r i b u t i n g  t o  t h e  
broadening) t o  be  "weak", i - e . ,  t h e  produc t  o f  t h e  
i n t e r a c t i o n  p o t e n t i a l  by t h e  c o l l i s i o n  t ime must be  l e s s  
than h. This  i n s u r e s  t h a t  t h e  c o l l i s i o n  can be t r e a t e d  
by p e r t u r b a t i o n  theory  and does n o t  produce much o f  a  
d i s tu rbance  (Baranger,  1962) , and t h a t  t h e  occas iona l  
s t r o n g  c o l l i s i o n s  caus ing  t h e  broadening a r e  s t a t i s t i c a l l y  
independent . 
Before d i s c u s s i n g  l i n e  broadening c a l c u l a t i o n s  , we 
e s t i m a t e  which o f  t h e s e  two approximations i s  most l i k e l y  
t o  app ly  t o  t h e  exper imental  c o n d i t i o n s  expected f o r  o u r  
measurements o f  pressure-broadened l i n e  widths .  Our 
d i scuss ion  shows t h a t  t h e r e  w i l l  be a  l i m i t a t i o n  on how 
f a r  o u t  i n  t h e  wings o f  a  broadened l i n e  t h e  impact 
approximation w i l l  app ly ,  s i n c e  t h e  v a l i d i t y  cond i t i on  
1 
r e q u i r e s  t h e  l e v e l  l i f e t i m e  (- -) t o  be  much g r e a t e r  Aw 
than t h e  c o l l i s i o n  t ime,  i .e .  
where w, i s  t h e  frequency a t  l i n e  c e n t e r ,  w t h e  frequency 
i n  t h e  wing, and T t h e  c o l l i s i o n  t i m e .  However, t h e  
f i n i t e  s i z e  o f  wave packe t s  ( ~ a r a n g e r ,  1962) ,  which a r e  
n e c e s s a r i l y  l a r g e  compared t o  A ,  g i v e s  t h e  condi t ion  
I£ we combine (1) and ( 2 )  and so lve  f o r  Ah, we o b t a i n  f o r  
t h e  wave length  i n t e r v a l  o u t  i n  t he  wing, 
This  may be eva lua ted  f o r  t h e  Na-Da l i n e  a t  5889 i n  a 
gas  a t  5000°K t o  g i v e  a very  approximate upper l i m i t  on 
t h e  v a l i d i t y  of t h e  impact approximation of  A h  < < 1000 1 
The a c t u a l  c a l c u l a t i o n  f o r  t h e  l i n e  width we s h a l l  d e s c r i b e ,  
u s ing  t h e  impact approximation,  imposes more d e f i n i t e  
l i m i t s .  Our exper imental  cond i t i ons  a r e  somewhat b o r d e r l i n e  
f o r  t h e  impact approximation and we p r e s e n t  a l s o  a b r i e f  
t r ea tmen t  of t h e  q u a s i - s t a t i c  approximation c a l c u l a t i o n  
f o r  t h e  l i n e  width .  
I I .  PRESSURE BROADENING THEORY 
A .  Van d e r  Waals I n t e r a c t i o n  
An  undis turbed  atom r a d i a t i n g  a t  frequency 
Vo = (E l  - Ea ) /h  w i l l  r a d i a t e  a t  v '  = [ E ~  (R)  - Ea ( R )  ]/h 
when t h e  energy l e v e l s  El and E2 a r e  pe r tu rbed  by an 
atom a t  R. S ince  El - Ea changes wi th  R, v '  # vo and 
t h e  s p e c t r a l  l i n e  i s  s h i f t e d .  S ince  throughout a  
r a d i a t i n g  volume emission w i l l  occur  a t  d i f f e r e n t  R v a l u e s ,  
t h e  l i n e  i s  broadened a l s o .  
We may s p e c i f y  t he  i n t e r a c t i o n  r e spons ib l e  f o r  t h e s e  
energy l e v e l  s h i f t s  a s  a func t ion  o f  R only .  The 
i n t e r a c t i o n  between n e u t r a l  atoms A and B a t  l a r g e  
s e p a r a t i o n s  may be descr ibed  a s  a  s e r i e s  o f  i n t e r a c t i o n s  
between t h e  v a r i o u s  i n s t an t aneous  mu l t i po l e  moments. I f  
atom B has  no mul t i po l e  moment, a s  i s  t h e  c a s e  f o r  H e  o r  
H i n  t h e i r  ground s t a t e s ,  t h e  i n t e r a c t i o n  p o t e n t i a l  may 
simply be  taken t o  be  Van d e r  Waals and o f  t h e  form 
This  fo l lows  from t h e  s t anda rd  mu l t i po l e  expansion of  
v ( R )  r e t a i n i n g  on ly  t h e  long range term d e s c r i b i n g  t h e  
second o r d e r  d ipo le -d ipo le  i n t e r a c t i o n .  
The i n t e r a c t i o n  c o n s t a n t  C, i s  de r ived  (e .g .  s e e  
Margenau and Kestner ,  1969)from second o r d e r  p e r t u r b a t i o n  
theory .  The cond i t i on  f o r  t h e  v a l i d i t y  of t h i s  
d e r i v a t i o n  may be  expressed a s :  
where AE i s  t h e  e x c i t a t i o n  energy of t h e  p e r t u r b e r  B and 
B 
AE t h a t  of t h e  r a d i a t i o n  A .  This  cond i t i on  i s  s a t i s f i e d  
A 
f o r  t h e  Na-D t r a n s i t i o n  i n  He and H. The c o n s t a n t  c,, a s  
we s h a l l  l a t e r  show ( ~ q .  (50) ) , i s  then given by 
where a i s  t h e  d i p o l e  p o l a r i z a b i l i t y  of  B and < ra > i s  
B A 
t h e  average va lue  of  r2 f o r  t h e  s t a t e s  of A undergoing 
t h e  i n t e r a c t i o n .  
To t h i s  a t t r a c t i v e  Van d e r  Waals p o t e n t i a l ,  a  
shor t - range  r e p u l s i v e  c o r e  may be added t o  g i v e  t h e  
Lennard-Jones p o t e n t i a l  
The R-la dependence o f  t h e  r e p u l s i v e  p a r t  i s  chosen f o r  
a n a l y t i c a l  convenience .  The c o n s t a n t  C l z  may b e  g i v e n  
i n  terms o f  C6 and a s p e c i f i e d  d e p t h  D ( i n  e v . )  o f  t h e  
p o t e n t i a l  
s o  t h a t  h e r e  t h e  u n i t s  of  C a r e  e v  - cm6 and t h o s e  of  
6 
Cia a r e  e v  - cmla ,  
B.  Impact Approximation 
The c a l c u l a t i o n  o f  t h e  l i n e  shape  g i v e n  h e r e  i s  
based  on t h e  work o f  Baranger  (1958a) . 
I n  accordance  w i t h  t h e  d i s c u s s i o n  o f  t h e  impact  
approximat ion  g i v e n  above,  w e  assume t h a t  t h e  r a d i a t i n g  
atom i s  f i x e d  w i t h  t h e  p e r t u r b e r s  moving around it. The 
wave f u n c t i o n  f o r  t h e  whole sys tem i s  t a k e n  t o  be t h e  
p r o d u c t  o f  t h e  i n t e r n a l  wave f u n c t i o n  o f  t h e  atom and  o f  
a  f u n c t i o n  o f  t h e  c e n t e r  o f  mass c o o r d i n a t e s  ( R ~  --- Rn)  
o f  t h e  p e r t u r b e r s :  
This  i s  t h e  Born-Oppenheimer approximation and it i s  
v a l i d  f o r  t h i s  problem a s  t h e  p e r t u r b e r s  a r e  atoms and 
thus  much h e a v i e r  than t h e  e l e c t r o n s  o f  t h e  atom. 
The i n t e r a c t i o n  p o t e n t i a l  V (Rl --- R ) determines  
n  
t h e  motion of t h e  p e r t u r b e r s  near  t h e  atom. We assume 
t h a t  t h e  p e r t u r b e r s  i n t e r a c t  only  wi th  t h e  atom and a r e  
s t a t i s t i c a l l y  independent of  each o t h e r .  This  i s  aga in  
reasonable  f o r  n e u t r a l  atoms a t  low d e n s i t i e s .  Fu r the r ,  
t h e  c a l c u l a t i o n  r e q u i r e s  " s c a l a r  a d d i t i v i t y ' '  o f  t h e  
p o t e n t i a l s ,  
i n  accordance wi th  t h e  t e n e t  of  t h e  impact approximation 
t h a t  on ly  one p e r t u r b e r  a t  a  t ime undergoes " s t rong  
c o l l i s i o n s "  w i th  t h e  r a d i a t o r  A .  S ince  t h e  s c a l a r  
a d d i t i v i t y  c r i t e r i o n  i s  s a t i s f i e d  f o r  long range 
Van d e r  Waals f o r c e s  (Baranger, 1958a),  t h e  i n t e r a c t i o n  
p o t e n t i a l  used he re ,  Eq. ( 4 ) ,  s a t i s f i e s  E q .  (10) . 
With t h e  foregoing  assumptions it i s  then reasonable  
t o  cons ide r  (Weisskopf, 1932, J a b l o n s k i ,  1945) t h e  whole 
system a s  a  s i n g l e  quantum mechanical o b j e c t  wi th  c e r t a i n  
energy l e v e l s  and s t a t i o n a r y  s t a t e s .  The power r a d i a t e d  
by d i p o l e  t r a n s i t i o n s  from s t a t e  i t o  f  of each o f  t h e  
r a d i a t o r s  i s  given by 
where w = Ei - Ef i f  i s  t h e  frequency and d  t h e  r a d i a t o r ' s  
d i p o l e  moment. The spectrum of  t h e  whole system i s  
obta ined  by summing over  a l l  p o s s i b l e  f i n a l  s t a t e s  f and 
averag ing  over  i n i t i a l  s t a t e s  i ,  which a r e  d i s t r i b u t e d  
wi th  p r o b a b i l i t i e s  p say.  Thus t h e  power p e r  u n i t  i' 
frequency i n t e r v a l ,  P ( w )  i s  
where 
and t h e  p r o b a b i l i t i e s  p a r e  given by a  cons t an t  t imes i 
t h e  ~ o l t z m a n n  f a c t o r  e  - Ej/k T 
The i n i t i a l  (i) and f i n a l  ( f )  wave func t ions  have 
t h e  form ( 9 ) .  The a d d i t i v i t y  assumption of  (10) means 
t h a t  w e  may decompose t h e  p e r t u r b e r  wave func t ions  
where each f a c t o r  i s  a  s o l u t i o n  of  a  Schrddinger equa t ion  
with  p o t e n t i a l  V . For each p e r t u r b e r ,  though, t h e r e  a r e  i 
two p o t e n t i a l s  -- one f o r  each s t a t e  o f  t h e  r a d i a t i n g  
atom. Therefore  
a r e  t h e  Schrodinger equa t ions  f o r  p e r t u r b e r  1 ,  s ay ,  w i t h  I 
i t s  t o t a l  k i n e t i c  energy and ax t h e  t o t a l  energy.  The 
i n i t i a l  wave func t ion  f o r  t h e  whole system, Eqs. ( 9 )  and 
( 1 4 ) ,  i s  then 
wi th  energy 
1 6  
and t h e  f i n a l  wave f u n c t i o n  i s  
w i t h  e n e r g y  
We s u b s t i t u t e  e x p r e s s i o n s  (16)  and  (17)  i n t o  (12)  and (13)  
t o  o b t a i n  t h e  power spect rum 
and t h e  f requency  e m i t t e d  i s  
~ h u s  t h e  f requency  is s h i f t e d  from i t s  u n p e r t u r b e d  v a l u e  
o f  (Ef - E.) because  energy  may b e  used f o r  i n c r e a s i n g  o r  
1 
d e c r e a s i n g  t h e  t o t a l  k i n e t i c  ene rgy  o f  t h e  p e r t u r b e r s .  
In  o r d e r  t o  i s o l a t e  e f f e c t i v e l y  t h e s e  frequency 
s h i f t s  i t  i s  d e s i r a b l e  t o  i nc lude  e x p l i c i t l y  t h e s e  
frequency (energy) components i n  ou r  fo rmula t ion .   his 
i s  e a s i l y  accomplished by t a k i n g  t h e  Four i e r  t ransform 
~f  we s u b s t i t u t e  i n  t h e  f a c t o r i z a t i o n  t h a t  gave Eq. (18) 
and use  (19) w i th  t h e  o r i g i n  o f  frequency r ede f ined  a t  
l i n e  c e n t e r  ( i . e .  dropping E - E ~ ) ,  we o b t a i n  t o  w i t h i n  i 
2 
a cons t an t  f a c t o r ,  I< u f \ d ( u i  >I , 
Thus m(s) t u r n s  o u t  t o  be  t h e  n t h  power o f  ano the r  func t ion  
cp(s) ,  which r e f e r s  t o  a  s i n g l e  p e r t u r b e r  
This  r e s u l t  i s  a  d i r e c t  consequence o f  ou r  assumption o f  
s c a l a r  a d d i t i v i t y  of t h e  i n t e r a c t i o n  p o t e n t i a l s  o r  t h e  
s t a t i s t i c a l  independence of  t h e  p e r t u r b i n g  c o l l i s i o n s .  
A s  Q, (s)  i s  t h e  Four i e r  t rans form of  t h e  l i n e  shape 
o r  power spectrum, F ( w ) ,  by t h e  Wiener- hintc chine Theorem 
m ( s )  i s  j u s t  t h e  a u t o c o r r e l a t i o n  func t ion  of t h e  l i g h t  
ampli tude,  A ( t ) .  To s e e  t h i s  (Baranger, 1962), w r i t e  t h e  
l i g h t  t r a i n  a s  a  sum o f  monochromatic waves 
Then t h e  a u t o c o r r e l a t i o n  func t ion  i s  t h e  s t a t i s t i c a l  
average 
Since t h e r e  i s  no phase r e l a t i o n  between f r equenc ie s  
w # w ' ,  
where we have aga in  neg lec ted  t h e  slowly vary ing  f a c t o r  
( w  w c o n s t . )  4w4/3c3. S u b s t i t u t i n g  t h i s  i n t o  t h e  
equat ion f o r  C ( t )  and us ing  (20) w e  o b t a i n  
Returning now t o  t h e  c a l c u l a t i o n  of  cp (s)  , we reason 
t h a t  a  s i n g l e  p e r t u r b e r  w i l l  b e  i n  t h e  v i c i n i t y  of  a  
p a r t i c u l a r  r a d i a t i n g  atom f o r  a  f r a c t i o n  of  t h e  t ime 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  gas  volume V. S ince  wi thout  
, p e r t u r b a t i o n ,  t h e  l i n e  shape F(w) corresponds t o  cp(s) = 1, 
we may then g e n e r a l l y  w r i t e  
where g ( s )  i s  a  func t ion  whose form (Eq. ( 3 1 ) )  we now 
de r ive .  From Eq. ( 2 2 )  and t h e  express ion  f o r  t h e  d e n s i t y  
N of t h e  p e r t u r b e r s  N = n  V-l, 
Thus by expressing V ( s )  i n  t h e  form of (24) ,  t h e  Pine shape 
follows from a  Fourier  transform of ( 2 5 ) .  Introducing t h e  
Hamiltonians f o r  a per turber  when t h e  r a d i a t i n g  atom is  i n  
i t s  i n i t i a l  s t a t e  
and t h e  p e r t u r b e r ' s  Hamiltonian f o r  t h e  r a d i a t o r  i n  i t s  
f i n a l  s t a t e  
we can e l imina te  t h e  e x p l i c i t  dependence on t h e  f i n a l  
s t a t e s  f  from Eq.  ( 2 2 )  f o r  q ( s ) :  
Furthermore, t h e  average over t h e  i n i t i a l  s t a t e s  ind ica ted  
by ( p i  may be postponed u n t i l  t h e  end of t h e  c a l c u l a t i o n  
f o r  t h e  l i n e  width when an appropr ia te  average wi th  t h e  
Boltzmann f a c t o r  should be taken. Also t h e  wave funct ions  
'i a r e  normal ized  now t o  t h e  volume o f  t h e  g a s  V i n s t e a d  
o f  u n i t y  a s  i n  ( 2 7 ) .  These two s t e p s  g i v e  
Then u s i n g  t h e  i n t e g r a l  e q u a t i o n  i d e n t i t y  ( ~ a r a n g e r ,  1958) 
s i H  s - i H . s  i H f t  - i H . t  
e 1 S 1 e  = 1 - i  d t e  AVe 
0 
where 
and s u b s t i t u t i n g  i n t o  E q .  ( 28 ) ,  one o b t a i n s  
- i H i t  
where e  h a s  been t a k e n  o u t  o f  t h e  m a t r i x  e lement .  
Comparing E q .  (31)  w i t h  E q .  ( 2 4 ) ,  w e  may w r i t e  g  (s)  : 
S 
- i c t  i~~ t d t e  <Qile A V \ $ . >  1 
A t  t h i s  p o i n t  we make t h e  f u r t h e r  approximat ion  t h a t  
t h e r e  i s  n e g l i g i b l e  p e r t u r b e r  i n t e r a c t i o n  w i t h  t h e  lower 
s t a t e  of  t h e  r a d i a t i v e  t r a n s i t i o n  and thus  V z 0 .  I t  f  
i s  no t  e s s e n t i a l  t o  make t h i s  assumption and Baranger 
(1958) c a r r i e s  t h e  d e r i v a t i o n  through f o r  p e r t u r b a t i o n  
of bo th  s t a t e s ,  b u t  t h e  approximation l e a d s  t o  a n a l y t i c a l  
exp res s ions  f o r  t h e  width and s h i f t  t h a t  a r e  cons iderab ly  
e a s i e r  t o  eva lua t e .  The approximation i s  g e n e r a l l y  a 
good one s i n c e  t h e  r a d i a t i n g  atom i s  more t i g h t l y  bound 
and l e s s  p o l a r i z a b l e  i n  t h e  lower s t a t e  than i n  t h e  upper  
one. Thus according t o  (26b) , H i n  (32) may now be f 
i K  t i c t  
rep laced  by K. ~ l s o ,  f o r  l a r g e  enough t ,  <$i le  4 < $ i l e  
and a s  t h i s  i s  j u s t  t h e  b a s i c  assumption of  t h e  impact 
approximation,  i . e .  t h a t  t >> T, w e  may w r i t e  
where we have dropped t h e  s u b s c r i p t  i from $ and V. 
We now have t h e  cho ice  of e i t h e r  f u r t h e r  approximating 
( 3 3 )  by assuming t h e  m a t r i x  element i s  roughly c o n s t a n t  
( ~ a r a n g e r ,  1958a) ,  o r  a t t empt ing  t o  e v a l u a t e  t h e  i n t e g r a l  
l e t t i n g  s Both approaches w i l l  b e  d i scussed .  
An immediate express ion  f o r  t h e  l i n e  shape F ( w )  comes 
from cons ide r ing  t h e  m a t r i x  element of (33) t o  be  roughly 
c o n s t a n t ,  Then 
where we have w r i t t e n  t h e  upper s t a t e  wave func t ion  a s  
a  p lane  wave k n e a r  t h e  o r i g i n  ( i . e .  f o r  l a r g e  t ) .  Then 
Eq .  ( 2 5 )  g i v e s  t h e  a u t o c o r r e l a t i o n  func t ion  
This  has a s  i t s  Four i e r  t ransform t h e  Lorentzian l i n e  shape,  
1 A w  1-1 
F ( w )  = - 
7- (-dl2 + (nw, .12 
z-z 
wi th  t h e  ( h a l f - h a l f )  wid th  Aw, given by 
z-2- 
and t h e  s h i f t  d  
Now t h e  m a t r i x  element <k\v\$> i s  p r o p o r t i o n a l  t o  
t h e  forward s c a t t e r i n g  ampli tude 
where k 1  makes t h e  angles  8 and 0 with k and has t h e  
same magnitude a s  k. Thus (37)  and ( 3 8 )  become 
where "Av" des ignates  t h e  Boltzmann average over i n i t i a l  
s t a t e s  t h a t  was postponed e a r l i e r .  
F i n a l l y ,  t h e  broadened l i n e  width may be wr i t t en  i n  
terms of o ,  t h e  t o t a l  c ross  s e c t i o n ,  by making use of 
the  o p t i c a l  theorem 
s i n c e  v = k/m, the  width i s  
The quantum mechanical c ross  sec t ion  o may be w r i t t e n  a s  
twice the  c l a s s i c a l  c ross  sec t ion  7rp2 , allowing f o r  
m i n  
d i f f r a c t i o n  e f f e c t s ,  giving 
P h y s i c a l l y  p corresponds t o  t h e  l i m i t i n g  impact 
min 
parameter d i v i d i n g  t h e  regimes of  weak and s t r o n q  
c o l l i s i o n s ,  f o r  which t h e  impact approximation i s  v a l i d .  
A S  Eq. (43b) i s  j u s t  t h e  express ion  f o r  t h e  c o l l i s i o n  
frequency,  t h e  width  ob ta ined  h e r e  i s  j u s t  t h a t  o f  t h e  
Lorentz theory  d i scussed  above. However, t h e  fol lowing 
new c a l c u l a t i o n  f o r  p w i l l  g i v e  a  d i f f e r e n t  r e s u l t  
min 
than t h e  Lorentz t heo ry ,  a l though s i m i l a r  t o  t h a t  ob ta ined  
by Griem (1964) .  
We begin  aga in  wi th  Eq. (33) above. L e t t i n g  s go t o  
i n f i n i t y ,  i . e .  i n  t h e  l i m i t  of  t h e  impact approximation 
s >> T ,  we o b t a i n  t h e  approximate equa t ion  
The wave f u n c t i o n s  a of  Eq. (44) then r e f e r  t o  t h e  e n t i r e  
system, i . e .  t o  s t a t e s  a  o f  t h e  r a d i a t i n g  atom and s t a t e s  
b of t h e  p e r t u r b e r .  
Eq. (44)  was de r ived  from Eq. ( 2 3 )  and t h e  mathematical  
f a c t  t h a t  (Bracewel l ,  1965) 
L i m  ~ ( t )  = & i m  (P ( s )  = dim J eiwSF (w)dw = o 
tdc" SdW S+OD 
- CO 
which means p h y s i c a l l y  j u s t  t h a t  t h e  d u r a t i o n  o f  l i g h t  
emiss ion  i s  f i n i t e ,  a  n e c e s s a r y  c o n d i t i o n  f o r  F(w) t o  b e  
s q u a r e  i n t e g r a b l e .  Then, from E q .  (22)  
L i m  ~ ( s )  = 0 
sdm 
and t h u s  by E q .  (24)  
L i m  g  ( s )  =  dim[^-v P ( s )  ] = v = i dt<b I V I  JI> S S-+" S-'c" 
Eq. (44)  f o l l o w s  then  from a g a i n  normal iz ing  t h e  wave 
f u n c t i o n s  t o  t h e  volume o f  t h e  sys tem V  and t a k i n g  t h e  
a b s o l u t e  v a l u e .  
W e  c o n t i n u e  now by s u b s t i t u t i n g  i n t o  E q .  (44)  t h e  
second o r d e r  p e r t u r b a t i o n  t h e o r y  expansion of  t h e  
i n t e r a c t i o n  m a t r i x  e lement  
- w a ' b '  ""b 
27 
where we have now changed from a tomic  u n i t s  back t o  c g s  
w i t h  t h e  i n t r o d u c t i o n  o f  h ( s i n c e  u n t i l  now E = w ) .  
However, a s  was i n d i c a t e d  i n  w r i t i n g  Eqs. ( 4 )  and ( 5 ) ,  we 
may expand (46)  by  n e g l e c t i n g  t h e  e n e r g y  s p l i t t i n g  o f  A 
and f a c t o r i n g  t h e  m a t r i x  e lement  
L 
a ' b '  AEb 
where t h e  (one e l e c t r o n )  d i p o l e - d i p o l e  i n t e r a c t i o n  energy  
i s  g i v e n  i n  terms o f  t h e  d i p o l e  o p e r a t o r  v  by  
1 
Vdipole-  
d i p o l e  
Here p is t h e  magne t i c  quantum number and r and r r e f e r  
a  b  
t o  t h e  r a d i i  o f  t h e  s t a t e s  o f  t h e  r a d i a t o r  A and 
p e r t u r b e r  B .  Thus (47) may be w r i t t e n  i n  terms of  t h e  
d i p o l e  p o l a r i z a b i l i t y  o f  t h e  p e r t u r b e r  B 
and t h e  square  of  t h e  m a t r i x  element of t h e  coo rd ina t e  
v e c t o r  of  t h e  (upper)  pe r tu rbed  l e v e l  o f  A 
g i v i n g  t h e  Van d e r  Waals i n t e r a c t i o n  of Eqs. ( 4 )  and ( 6 ) ,  
where we have summed over  t h e  magnetic quantum number v .  
S u b s t i t u t i n g  (50)  i n t o  (44) y i e l d s  then 
TO do t h e  i n t e g r a l  over  t h e  i n t e r a tomic  d i s t a n c e  R,  
we may t r e a t  t h e  p e r t u r b e r s  a s  c l a s s i c a l  p a r t i c l e s  t h a t  
do no t  p e r t u r b  t h e  e m i t t e r  eycept  dur ing  t h e  very  s h o r t  
c o l l i s i o n  t ime.  Thus i n  terms of t h e  impact parameter 
f o r  t h e s e  c o l l i s i o n s  
'min 
where t h e  mean r e l a t i v e  v e l o c i t y  is  
Here M i s  t h e  n u c l e a r  mass, T i s  t h e  temperature ,  and 
A and A a r e  t h e  atomic weights  of  A and B. Using (52) 
A B 
i n  t h e  i n t e g r a l  o f  (51) we then o b t a i n  
Thus Eq .  (43b) f o r  t h e  ha l f -ha l f  width  i n  angu la r  
frequency u n i t s  of t h e  Van d e r  Waals broadened l i n e  
a r i s i n g  from t h e  per turbed  upper l e v e l  o f  atom A i s  
This  r e s u l t  i s  very n e a r l y  t h a t  ob ta ined  by ~ r i e m  (1964) .  
To s e e  t h i s ,  we note  t h a t  i n  t e r m s  of t h e  o s c i l l a t o r  
s t r e n g t h  
f o r  t r a n s i t i o n s  from t h e  ground s t a t e  (0)  t o  e x c i t e d  s t a k e s  
( b '  ) of  t h e  p e r t u r b e r  B,  Eq .  (49) f o r  t h e  p o l a r i z a b i l i t y  
becomes 
where m i s  t h e  e l e c t r o n  mass. 
Here we have approximated t h e  sum of  f over  t h e  
ob ' 
p o s s i b l e  e x c i t a t i o n s  o f  B by u n i t y .  Fu r the r ,  we n o t e  t h a t  
t h e  one-elect ron approximation a l lows  us  t o  r e w r i t e  t h e  
< r2 > tern i n  (50) ( ~ e t h e  and S a l p e t e r ,  1955) .  
A 
where a ,  = hz/me2, E and Em a r e  t h e  i o n i z a t i o n  p o t e n t i a l s  H 
of t h e  hydrogen and t h e  r a d i a t o r  A ,  r e s p e c t i v e l y  and 
where Em i s  t h e  e x c i t a t i o n  energy o f  t h e  per tu rbed  (upper)  
l e v e l  of A and Q i t s  o r b i t a l  quantum number. 
a  
s u b s t i t u t i n g  (57) and (58) i n t o  Eq. (55a) one o b t a i n s  
which d i f f e r s  from Griem's  (1964) r e s u l t  only  by a f a c t o r  
3/Z2I5 3 1.18. Both ou r  r e s u l t  and Griem's a r e  l i m i t e d  
t o  t h e  range of  v a l i d i t y  of  t h e  impact approximation from 
which we s t a r t e d .  ~ l t h o u g h  t h e  r e s u l t s  a r e  admi t t ed ly  
only  approximate i n  t h a t  t h e  broadening of  t h e  lower s t a t e  
i s  neg lec t ed  and t h e  i n t e r a c t i o n  c o n t a i n s  no s h o r t  range 
r e p u l s i v e  p a r t  (e .g .  Eq. ( 7 )  ) ,  we sugges t  t h a t  t h e  r e s u l t  
ob ta ined  h e r e  i n  t h e  form given i n  Eq. (55) might be  more 
u s e f u l  i n  t h a t  t h e  approximation of (57) i s  no t  r equ i r ed  
and t h e  p o l a r i z a b i l i t i e s  a a r e  known a c c u r a t e l y  f o r  t h e  
B 
p e r t u r b e r s  o f  i n t e r e s t ,  hydrogen and helium. We no te  t h a t  
t h e  impact approximation requirements  t h a t  t h e  c o l l i s i o n  
t ime be much l e s s  than t h o  time between c o l l i s i o n s  g i v e s  
t h e  c o n d i t i o n  on N £or t h e  v a l i d i t y  of (55)  o r  (59) 
For d e n s i t i e s  approaching o r  exceeding t h i s  l i m i t ,  
we must t u r n  t o  t h e  q u a s i - s t a t i c  approximation t o  e s t i m a t e  
t h e  n e u t r a l  atom p r e s s u r e  broadening.  
C .  ~ u a s i - S t a t i c  Approximation 
Af  h ighe r  p e r t u r b e r  d e n s i t i e s  m u l t i p l e  i n t e r a c t i o n s  
become important  and t h e  l i n e  widths  a r e  no longer  l i n e a r l y  
dependent on dens i ty .  The s t anda rp  approach ( H o l t ~ m a r k ,  
1919) f o r  c a l c u l a t i n g  t h e  p e r t u r b a t i o n  of a  r a d i a t i n g  atom 
i n  t h e  h igh  d e n s i t y  reg ion  i s  t o  cons ide r  t h e  r a d i a t o r  and 
p e r t u r b e r s  a t  r e s t ,  and t h e  frequency emi t ted  by t h e  
r a d i a t i n g  atom A a t  each p o s i t i o n  r i s  simply given by 
(va ( r )  - va ,  ( r )  )/fi,va ( r )  apd Va, ( r )  being t h e  p o t e n t i a l  
e n e r g i e s  of A i n  t h e  i n i t i a l  and f i n a l  s t a t e s ,  r e s p e c t i v e l y .  
The p o t e n t i a l  energy V ( r )  of t h e  r a d i a t i n g  atom is  taken 
a 
t o  be  t h e  sum of  t h e  unper turbed energy E,, say,  and t h e  
p e r t u r b a t i o n  e n e r g i e s  due t o  a l l  t h e  p e r t u r b e r s ,  These 
p e r t u r b a t i o n  e n e r g i e s  a r e  a g a i n  assumed ko be a d d i t i v e ,  
and a  f u n c t i o n  o f  t h e  p e r t u r b e r  p o s i t i o n s  R . i 
H e r e  we have  once a g a i n  t a k e n  t h e  i n t e r a c t i o n  t o  be Van d e r  
Waals;  u ( 5 .  ) i s  a  f u n c t i o n  w i t h  v a n i s h i n g  mean d e n o t i n g  
1 
t h e  dependence on a n g l e  and s p i n  (Margenau, 1951) .  The 
f requency  d i f f e r e n c e  Aw from t h e  n a t u r a l  f r equency  i s  t h e n  
where C6 r e f e r s  now o n l y  t o  t h e  e x c i t e d  s t a t e  s i n c e  w e  
a g a i n  n e g l e c t  t h e  b roaden ing  o f  t h e  ground s t a t e .  The 
v a r i a t i o n  o f  i n t e n s i t y  w i t h  Aw i s  determined by t h e  
p r o b a b i l i t y  I ( O w )  t h a t  i n  t h e  p r e s e n c e  o f  n  p e r t u r b e r s  
t h e  p o t e n t i a l  ene rgy  
s h a l l  have  t h e  v a l u e  haw. W e  may assume (Ch'en and  Takeo, 
1957) t h i s  p r o b a b i l i t y  i s  p r o p o r t i o n a l  t o  t h e  t i m e  i n t e r v a l  
dur ing  which Aw i s  r a d i a t e d .  Now s i n c e  t h e  p e r t u r b e r s  
a r e  cons idered  a t  r e s t ,  t h e  r a d i g t i o n  f i e l d  may be 
expressed a s  a p l ane  wave average 
+1 R 
= I f i ( 6 1 d 5  ~ p i ~ ) d R  exp [? u ( i ) I  1 
where t h e  p r o b a b i l i t y  d e n s i t i e s  wi th  r e s p e c t  t o  R and ii i 
a r e  g iven  by (Margenau, 1951) 
i f  t h e  g a s  volume i s  4/3  m- R: and U ( S i )  = + l .  Then t h e  
- 
~ o u r i e r  t rans form w i t h  r e s p e c t  t o  t g ives  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n  I ( A w )  o r  l i n e  shape 
Margenau (1935) evaJuated t h i s  express ion  and found 
t h a t  
I 1 
I ( A m >  = - rexp ( - ~ g ,  tZ) c o s  n w t  d t  
where N i s  t h e  p e r t u r b e r  d e n s i t y  and where 
The i n t e n s i t y  d i s t r i b u t i o n  i s  symmetric about  t h e  l i n e  
c e n t e r  ( A m  = 0)  w i th  c e n t r a l  i n t e n s i t y  
which sugges t s  t h a t  t h e  half -width  i n c r e a s e s  roughly w i t h  
N~ . In  f a c t ,  Margenaui s c a l c u l a t i o n s  show t h a t  t h e  
broadening due t o  m u l t i p l e  i n t e r a c t i o n s  between s p h e r i c a l ,  
non-polar  atoms g i v e s  a  half -width  vary ing  a s  
upon s u b s t i t u t i n g  i n  Eq. (50) f o r  C6 , we o b t a i n  
e 2 a  < r2 > 
Am, = .822? ( B A 
2 fi 
I N2 
I t  i s  i n t e r e s t i n g  t o  compare t h i s  e s t i m a t e  wi th  t h a t  
ob ta ined  f o r  lower d e n s i t i e s  by t h e  impact approximation.  
The r a t i o  of t h i s  q u a s i - s t a t i c  e s t i m a t e  f o r  t h e  l i n e  width  
t o  t h e  impact approximation r e s u l t  of  Eq.  (55) i s  then 
where we have eva lua t ed  t h e  exp res s i sn  f o r  a t y p i c a l  
a s t r o p h y s i c a l l y  i n t e r e s t i n g  temperature  of  5 0 0 0 ° K  f o r  
-3/5 
which v = l o3  .  his sugges t s  t h a t  t h e  impact 
approxima t i o n  f o r  neu t r a  1 a tom broadening might be  u s e f u l  
up t o  p e r t u r b e r  d e n s i t i e s  N 4 ~ m - ~  . The upper l i m i t  
on N g iven  by (60) p r e d i c t s  s i m i l a r  l i m i t s  f o r  t h e  impact 
approxima t i o n ,  
Before  concluding t h i s  somewhat l eng thy  d i s c u s s i o n  of 
p r e s s u r e  broadening theory ,  we c a l l  a t t e n t i o n  t o  t h e  f a c t  
t h a t  r e g a r d l e s s  o f  d e n s i t y - l i m i t i n g  approximation t o  b e  
used,  t h e  Van d e r  Waals i n t e r a c t i o n  used i s  i t s e l f  suspec t .  
Th i s  i s  because t h e  i n t e r a c t i o n  a s  c a l c u l a t e d  i n  (50) 
i nc ludes  no shor t - range ( r e p u l s i v e )  p a r t ,  which might be  
expected t o  be  s i g n i f i c a n t  f o r  broadening by n e u t r a l  
hydrogen o r  helium, wi th  comparable ( r e l a t i v e l y  low) 
p o l a r i z a b i l i t i e s .  ~ i n d m a r s h  -- e t  a 1  (1967) have c a l c u l a t e d  
t h e  broadening f o r  a  parameter ized Lennard-Jones p o t e n t i a l  
a s  g iven i n  Eq. ( 7 ) .  The p r e d i c t e d  broadening i s  
g e n e r a l l y  g r e a t e r  wi th  t h e  i n c l u s i o n  o f  t h e  C L 2  r e p u l s i v e  
term and t h u s  i n  b e t t e r  agreement wi th  t h e  experiments t o  
be  d e s c r i b e d  below. However, t h e i r  a n a l y s i s  depends on 
exper imenta l  va lues  of  Aw 
1/2 
and t h e  s h i f t  f o r  t h e  
de te rmina t ion  of  t h e  i n t e r a c t i o n  c o n s t a n t s  Cg and Cl and 
i s  ambiguous. 
Roueff and Van Regemorter (1969) have a t tempted t o  
i nc lude  a shor t - range component i n  t h e  i n t e r a c t i o n  
t o  a l l ow f o r  an exchange p o t e n t i a l  a t  shor t - range.  The 
exchange term they  w r i t e  a s  
where J,, v and A depend on ly  on t h e  atomic wave func t ions .  
They use  t h i s  p o t e n t i a l  t o  c a l c u l a t e  a  new p f o r  
min 
c o l l i s i o n s  between ground s t a t e  r a d i a t o r s  and ground s t a t e  
p e r t u r b e r s .  Comparison of p r e d i c t e d  and exper imental  l i n e  
widths  f o r  t h i s  theory ,  though, r e q u i r e s  c a l c u l a t i o n s  f o r  t h e  
i n t e r a c t i o n  between e x c i t e d  s t a t e  r a d i a t o r s  and ground s t a t e  
p e r t u r b e r s .  
I I1 . EXPERIMENTAL TECHNIQUES 
To hea t  hydrogen o r  helium t o  5 0 0 0 ' ~  a t  t h e  d e n s i t i e s  
(<lo1* - lo2' ~ m - ~ )  r e q u i r e d  f o r  app rec i ab l e  Van d e r  Waals 
broadening o f  t h e  sodium D l i n e s  o r  magnesium B l i n e s  poses 
formidable  experimen$al d i f f i c u l t i e s .  Conventional  shock 
tube  methods a r e  i n e f f e c t i v e  s i n c e  they  r e l y  on a d r i v e r  gas  
whose mass d e n s i t y  i s  s i g n i f i c a n t l y  lower, and hence sound 
speed s i g n i f i c a n t l y  h igher ,  than  t h e  t e s t  gas  t o  be  hea ted .  
Plasma d i scha rge  sou rces  w e r e  a l s o  r u l e d  o u t  a s  t h e y  g e n e r a l l y  
o p e r a t e  a t  lower gas  d e n s i t i e s  and produce s i g n i f i c a n t  i on i za -  
t i o n  and hence e l e c t r o n  d e n s i t i e s  t h a t  would compl ica te  mea- 
su red  l i n e  wid ths  w i t h  a S t a r k  broadening c o n t r i b u t i o n .  I t  i s  
p o s s i b l e  t h a t  a d i s cha rge  source  could be looked a t  du r ing  
t h e  "after-glow" recombination phase when t h e  e l e c t r o n  den- 
s i t y  was low, b u t  such a method would r e q u i r e  a good knowledge 
of N ( t ) .  Therefore  it was decided t o  hea t  hydrogen o r  
e 
helium by a d i a b a t i c a l l y  compressing it w i t h  a p i s t o n  d r i v e n  
by t h e  impulse of  a h igh p r e s s u r e  diaphragm b u r s t .  A s  such, 
a shock tube  w a s  modified and a long s e r i e s  of d i a g n o s t i c  
experiments begun t o  determine t h e  m e r i t  of t h e  method and 
t h e  exper imenta l  c o n f i g u r a t i o n  t h a t  b e s t  achieved t h e o r e t i c a l  
p r e d i c t i o n s  of t h e  compressed gas  cond i t i ons .  Before  desc r ib -  
i n g  t h e  techniques  f o r  optimum ope ra t ion  f i n a l l y  a r r i v e d  a t ,  
we p r e s e n t  a  d i s cus s ion  of an i d e a l i z e d  p i s ton-compressor ' s  
o p e r a t i o n .  
A .  P i s t o n  Compressor Model 
The b a l l i s t i c  p i s t o n  compressor t h a t  has been developed 
t o  s t u d y  n e u t r a l  atom p r e s s u r e  broadening is i l l u s t r a t e d  
d i a g r a m a t i c a l l y  i n  F igure  1. The o v e r a l l  des ign  i s  s i m i l a r  
t o  t h a t  of t h e  ins t rument  developed by Lalos and Hammond 
(1962) t o  s tudy  broadening a t  p r e s su re s  of  thousands o f  
atmospheres.  The ch i e f  concern i n  our  work, though, has 
been t o  minimize t h e  d e n s i t y  (p re s su re )  of  t h e  compressed 
p e r t u r b i n g  gas  a t  t h e  a s t r o p h y s i c a l l y  i n t e r e s t i n g  tempera- 
t u r e  of  5 0 0 0 ° ~ ,  s i n c e  w e  would l i k e  t o  measure t h e  broaden- 
17 -3 i n g  i n  hydrogen a t  N a 10 cm , t y p i c a l  of  t h e  s o l a r  
atmosphere. The minimum f i n a l  d e n s i t i e s  a t t a i n a b l e  w i t h  our  
20 -3 f i n a l  compressor design however, a r e  of o rde r  10 cm 
19 -3 
i n  hydrogen and - 10 cm i n  helium. We s h a l l  now d e s c r i b e  
t h e  c a l c u l a t i o n s  used t o  p r e d i c t  f i n a l  compressed t e s t  gas 
c o n d i t i o n s .  
With r e f e r e n c e  t o  F i g u r e l l e t  t h e  p re s su re  and volume 
of t h e  high p re s su re  d r i v e r  gas  be P and V and t h e  c o r r e s -  2 2 
ponding q u a n t i t i e s  f o r  t h e  low p re s su re  gas be P  and V 1 1' 
r e s p e c t i v e l y .  I n i t i a l  va lues  of t h e s e  q u a n t i t i e s  w i l l  be  
des igna ted  by t h e  s u p e r s c r i p t  o .  Let  t h e  o r i g i n  of t h e  
one-dimensional coo rd ina t e  system be a t  t h e  end of  t h e  t e s t -  
s e c t i o n  (end p l u g ) .  The t o t a l  l eng th  of t h e  t ube  is then  L; 
t h e  diaphragm and i n i t i a l  p i s t o n  p o s i t i o n  is  x  ; t h e  p o s i t i o n  
0 
of  equ i l i b r ium p re s su re  on t h e  p i s t o n  i s  x  ; and t h e  p o s i t i o n  
e  
of t h e  p i s t o n  a t  maximum compression i s  x  . Given x  and L, 
m 0 
0 0 0 
a s  w e l l  a s  P 2 ' P1 
and V1 , w e  d e s i r e  t o  c a l c u l a t e  x  and 
e 
x  and t h e  corresponding f i n a l  va lues  of P T, and N.  S i n c e  
m 1' 
i n  a c t u a l  p r a c t i c e  we expec t  t h e  compression t o  be  sudden, 
we assume t h e  compression i s  a d i a b a t i c .  Assuming t h a t  no 
gas l eaks  around t h e  p i s ton ,  w e  then have 
where A i s  t h e  ( cons t an t )  c r o s s - s e c t i o n a l  a r e a  of  t h e  t ube  
and i s  t h e  r a t i o  of s p e c i f i c  hea t s .  The minus s i g n  on P  
2 
i s  needed i f  we a r e  t o  r e f e r  (L-x) t o  t h e  same o r i g i n  a s  x .  
0 I n  p r a c t i c e ,  P i s  no t  known e x a c t l y  a s  some i n i t i a l  leakage 1 
(and f i n a l  leackage)  around t h e  p i s t o n  always occu r s .  The 
amount o f  leakage necessary  t o  b r i n g  observed and c a l c u l a t e d  
f i n a l  cond i t i ons  i n t o  agreement is  smal l .  Add i t i ona l  des ign  
improvements should reduce leakage t o  a  n e g l i g i b l e  l e v e l .  
To i n s u r e  t h e  s i m p l e s t  i n t e r p r e t a t i o n  of  a c t u a l  r e s u l t s ,  t h e  
d r i v e r  gas  and t e s t  gas were always t h e  same type  (he l ium) .  
The equa t ion  of  motion f o r  t h e  p i s t o n  of maas m may 
simply be w r i t t e n  a s :  
This  equa t ion  is  known t o  be n o t  e n t i r e l y  exac t  as it 
n e g l e c t s  f r i c t i o n  f o r c e s  on t h e  p i s t o n .  While on some 
a c t u a l  s h o t s  t h e  d e v i a t i o n  of  observed from c a l c u l a t e d  
f i n a l  gas  cond i t i ons  could be a t t r i b u t e d  t o  f r i c t i o n a l  
l o s s e s ,  t h e  p r e s e n t  (and proposed) p i s t o n  compressor des ign  
is  such t h a t  t h e s e  l o s s e s  should be n e g l i g i b l e .  
Eq. (69)  may then  be w r i t t e n  
Mult ip ly ing  t h i s  equa t ion  by t h e  p i s t o n  v e l o c i t y  4 g i v e s  
which may be  i n t e g r ? t e d  once w i t h  r e s p e c t  t o  time: 
where K i s  an i n t e g r a t i o n  conqtan t  f i x e d  by t h e  i n i t i a l  1 
c o n d i t i o n  t h a t  x = 0  when x = x  . Eq.  ( 7 1 )  could be t r a n s -  
0 
formed t o  t h e  form of  t h e  g e n e r a l  e l l i p t i c  equa t ion  (Davis, 
1962) i f  t h e  exponent were an i n t e g e r  i n s t e a d  of  i t s  a c t u a l  
va lue  of 5/3 (helium) o r  7/5 (hydrogen).  A s  such,  t h e  
equa t ion  appears  t o  be unsolvable ,  except  by numerical  
t echniques .  
However, we can r e a d i l y  s o l v e  eqs .  (70) and (71) f o r  
x and x  re spec t ive ly ,  and these  a r e  t h e  q u a n t i t i e s  o f  
e  m' 
r e a l  i n t e r e s t .  Eq .  ( 7 1 )  suggests  t h a t  the  a c t u a l  p i s t o n  
motion w i l l  have a  damped o s c i l l a t o r y  cha rac te r .  The 
equi l ibr ium pos i t ion  x  w i l l  be t h e  poin t  about which t h e  
e  
p i s ton  o s c i l l a t e s .  I t  i s  determined from t h e  condi t ion t h a t  
a t  x t h e  n e t  fo rce  vanishes 
e  
and s o  
The expression f o r  t h e  pos i t ion  of maximum compression, 
x  i s  obtained from ( 7 1 )  by not ing t h a t  a t  x 2 vanishes.  
m y  m' 
Then 
and so 
This equation stir1 contains x on the right-hand side. 
m 
However, we note that in actual fact x must be very small 
m 
0 
compared to L for large P and small P 2 This follows 1 ' 
both intuitively and from the fact that x < x and eq. (72). 
m e 
~ h u s  we may approximate (73) by letting (L - xm) L, and 
SO 
This result for x may then be substituted back into eq. (73) 
m 
and several such iterations carried out. In practice this 
was done on the computer, and the convergence was rapid. We 
note in passing that the expressions (73) and (74) could also 
have been ob ta ined  from eq.  (69) by a rgu ing  t h a t  t h e  work 
done i n  compressing t h e  t e s t  gas m u s t  equa l  t h e  nega t ive  of  
t h e  work done by t h e  expanding d r i v e r  gas ,  and thus  x i s  
m 
independent of t h e  p i s t o n  mass i n  th is  approximation.  
The computer program w r i t t e n  t o  s o l v e  eqs .  (73) and 
(74)  f o r  t h e  f i n a l  compressed gas volume, V = Ax was a l s o  
m 
used t o  g i v e  t h e  f i n a l  va lues  of  t h e  p re s su re ,  temperature ,  
and d e n s i t y  from t h e  usua l  a d i a b a t i c  r e l a t i o n s  
I t  i s  c l e a r  from eqs .  (75) t h a t  a  g iven temperature  T 
may be achieved a t  t h e  lowest  f i n a l  d e n s i t i e s  N f o r  a g iven 
0 0 
P1 and P i f  t h e  t e s t  gas is  monatomic w i t h  y = 5/3 2 
i n s t e a d  a dia tomic gas w i t h  y = 7/5. Therefore ,  and f o r  
s a f e t y  reasons  i n  developing o p e r a t i n g  techniques  w i t h  t h e  
new p i s t o n  compressor, a l l  experiments have been done i n  
helium. However, y may s t i l l  be less than  5/3 i f  t h e  f i n a l  
temperatures and densities are sufficient for significant 
ionization, in which case y 1. The agreement of the 
final gas conditi~ns predicted from eqs. (74) and (75) is 
then dependent on the concentration of low-ionization 
potential impurity or injected sample atoms, as well as on 
the values of T and N. The experimental measurements 
20 -3 
reported below involved T 4 5000'~ and N a 10 cm . With 
test sample ( ~ a )  concentrations of the order of l%, and 
impurity concentrations certainly much less, the Saha 
calculations we shall discuss predicted of the order of 1% 
ionization. The additional energy going into ionization in 
this case requires the compression ratio (V/V ) a 68 be 
0 
increased by a factor of 1.05 to 71.5. Thus y would be 
reduced to approximately 1.655 (from 1.667). In view of 
the assumptions made, we may conclude that for the experi- 
mental conditions of interest the depression of y due to 
ionization is probably negligible. Frictional losses and 
piston leakage in the existing piston compressor are more 
important in effectively reducing y and the efficiency of 
the compression. 
The results of some representative calculations of 
expected final compressed gas conditions for helium and 
hydrogen are presented in Figures 3-8. In each case, x 
m J 
T,  and N a r e  p l o t t e d  a s  func t ions  of  t h e  i n i t i a l  f i l l  pres-  
0 0 
s u r e  P a t  two d i f f e r e n t  i n i t i a l  d r i v e r  p re s su re s  P of 1 2 
50 p s i  and 125 p s i .  The c a l c u l a t i o n s  f o r  helium (F igs .  3  
and 4) and f o r  hydrogen ( ~ i g s .  5 and 6)  were done us ing  
t h e  dimensions of  t h e  e x i s t i n g  p i s t o n  compressor i n  eqs .  (73) 
and ( 7 4 ) ;  t h a t  i s ,  x  = 365 cm and L  = 460 cm. The f i n a l  
0 
two cases  (F igs .  7  and 8 )  considered were aga in  f o r  
hydrogen bu t  w i t h  L  = 385 cm s o  t h a t  t h e  d r i v e r  s e c t i o n  was 
on ly  20 cm long.  S ince  f o r  a  given r a t i o  of d r i v e r  t o  
t e s t  s e c t i o n  volume, x  / (L-x , xm s c a l e s  l i n e a r l y  w i t h  
0 0 
x t h e  f i n a l  c a s e  demonstrated t h a t  experiments i n  hydrogen 
0' 
r e q u i r e  a  longer  tube  w i t h  a  s h o r t e r  d r i v e r  s e c t i o n  t o  i n s u r e  
a  reasonable  volume (x 1 cm) of test  gas  a t  T a 5000°K 
m 
20 -3  
and N 10 cm i n  which t o  measure Van d e r  Waals broaden- 
i n g .  Note t h a t  t h e  c a l c u l a t i o n s  f o r  hydrogen were done w i t h  
an i n i t i a l  temperature  T = 4 0 0 ° ~ ,  whereas f o r  helium T  = 300°K. 
0 0 
S i n c e  lower f i n a l  d e n s i t i e s  may be achieved f o r  a  g iven  f i n a l  
t empera ture  (5000°K) and volume(x 1 cm) w i t h  h igher  
m 
i n i t i a l  temperature ,  T = 400°K would seem necessary  f o r  
0 
experiments i n  helium i f  we hope t o  make con f iden t  ex t r apo la -  
t i o n s  o f  measured l i n e  wid ths  t o  s o l a r  photospher ic  d e n s i t i e s  
17 -3  o o 
N 10 cm . Actua l  o p e r a t i n g  va lues  of P and P 1 2 
were chosen i n  accordance w i t h  t h e  r e s u l t s  shown i n  F i g s .  3  
and 4 (and many o t h e r s  l i k e  them) f o r  T  = 3 0 0 ' ~  and 
0 
u d i f f e r e n t  P such t h a t  T a 5 0 0 0 ° ~  ( i n d i c a t e d  by a  c i r c l e  2 
on each curve)  and x 2 1 cm. The l a t t e r  requirement was 
m 
imposed t o  minimize boundary l a y e r  problems and p o s s i b l e  
inhomogeneit ies,  and i n  f a c t  ( p i g s .  3 and 4)  x 5 .4  cm 
m 
0 i n  a l l  c a se s  i n  helium a t  5 0 0 0 ° ~ .  The proper  choice  of  P 1 
0 
and P t hen  could be made t o  s e l e c t  f i n a l  d e n s i t i e s  over  2 
20 - 3  
t h e  approximate range 5  x 1019 < N 5 5 x 10 cm . He 
B . Diaqnos t i c s  
I n  t h i s  s e c t i o n  we s h a l l  d e s c r i b e  t h e  diagnoskic  
methods developed t o  measure t h e  a c t u a l  va lues  of  P,  T, and 
N i n  t h e  t e s t  gas and t h e  l i n e  widths  themselves on a  time- 
reso lved  b a s i s .  
The gas p re s su re  was monitored cont inuous ly  w i t h  a  
q u a r t z  p i e z o - e l e c t r i c  t ransducer  mounted i n  t h e  end-plug 
( s e e  F ig .  1). The charge developed a c r o s s  t h e  c r y s t a l  was 
ampl i f i ed  by a  charge a m p l i f i e r  and d i sp layed  on an o s c i l l o -  
scope.  The p re s su re  measured was i n  f a c t  t h e  a c t u a l  p r e s s u r e  
s i n c e  t h e  t ransducer  responds bo th  t o  t h e  gas p re s su re  
i n  t h e  boundary l a y e r  and t o  t h e  momentum t r a n s f e r  of t h e  
piston associated with the heat flux. 
Temperatures were measured at any prescribed time during 
maximum compression ( -  100 psec) and associated light emission 
by the line reversal method (Parkinson and Reeves, 1964). 
By this technique, a high intensity flash lamp (FX-12; see 
Fig. 1) is triggered during the light emission, and the 
intensity transmitted at the wave length of the line in 
question (~a-D) is compared with the intensity transmitted 
by the uncompressed gas for a measure of the emissivity 
of the radiating gas. From this a black-body temperature 
can be calculated directly, having calibrated the system 
with a standard tungsten lamp of known spectral temperature 
and emissivity. Since the method depends on any loss of 
FX-12 intensity being due to actual absorption in the line, 
a control monochromator was also used to monitor the FX-12 
intensity transmitted in the continuum or (on some occasions) 
in the core of another comparison line. This precaution was 
taken to discriminate against refraction losses of FX-12 
intensity and provided a check on the homogeneity of the 
test gas. Simultaneous comparison temperatures at the core 
of a line (e.g. Ba I1 4554 i, present as an impurity in 
early work) other than that of interest ( ~ a - D )  also provided 
a  check on LTE cond i t i ons  and, more important ly ,  could 
provide a  check on t h e  e x t e n t  of  t h e  suspected Na boundary 
l a y e r .  Such comparison l i n e  c e n t e r  temperature  measurements 
g e n e r a l l y  agreed t o  w i t h i n  - 2 0 0 ° ~ ,  whi le  moni tor ing continuum 
FX-12 i n t e n s i t i e s  near t h e  l i n e  revea led  t h a t  r e f r a c t i v e  
e f f e c t s  were sometimes p re sen t  a t  maximum compression and t h a t  
t h e  most r e l i a b l e  exper imental  cond i t i ons  occur j u s t  b e f o r e  
t h i s  peak. 
Neu t r a l  p e r t u r b e r  gas  (helium) d e n s i t i e s  and e l e c t r o n  
d e n s i t i e s  were measured by a  two-wave l eng th  Fabry-Perot i n t e r -  
ferometer  t echnique  ( s e e  F ig .  2 ) .  A s  t h e  p i s t o n  compresses 
t h e  gas ,  t h e  index of r e f r a c t i o n  changes w i th  i n c r e a s i n g  p a r t i -  
c l e  d e n s i t y  and t h e  r e s u l t i n g  continuous change i n  o p t i c a l  
pa th  l e n g t h  between t h e  two s t a t i o n a r y  Fabry-Perot f l a t s  on 
e i t h e r  s i d e  of t h e  t e s t - s e c t i o n  appears  a s  a  s e r i e s  of  f r i n g e s .  
The number of t h e s e  f r i n g e s  a t  any t ime may then  be used t o  
c a l c u l a t e  t h e  corresponding d e n s i t y .  Because of d i s p e r s i o n ,  
t h e  changes i n  index of r e f r a c t i o n  f o r  a given increment i n  
n e u t r a l  gas  d e n s i t y  i s  much g r e a t e r  a t  6328 H than  a t  3 . 3 9 ~  
\ . /hereas a t  t h e  i n f r a  r ed  f requenc ies  t h e  change i n  t h e  index  
of  r e f r a c t i o n  due t o  s i g n i f i c a n t  e l e c t r o n  d e n s i t i e s  i s  g r e a t e r  
than f o r  v i s i b l e  wavelengths.  Thus t h e  6328 i- f r i n g e  count is  
used t o  i n f e r  t h e  n e u t r a l  ( ~ 4  d e n s i t y  and t h e  3 . 3 9 ~  f r i n g e  count 
t h e  e l e c t r o n  d e n s i t y .  The two wave l eng ths  named were 
chosen because they  a r e  t h e  two s t r o n g e s t  l i n e s  a v a i l a b l e  
from a  helium-neon l a s e r .  A s  bo th  l i n e s  a r i s e  from t r a n s i -  
t i o n s  from a  common upper l e v e l ,  t h e  He-Ne l a s e r  may be  
ope ra t ed  (w i th  t h e  proper  m i r r o r s )  a t  on ly  one wave l e n g t h  
f o r  maximum power. Thus two s e p a r a t e  He-Ne l a s e r s  were 
used.  
The number of f r i n g e s  m observed f o r  a  change An = In-11 
i n  t h e  index of r e f r a c t i o n  i s  simply 
where d  is  t h e  f i x e d  d i s t a n c e  between t h e  F-P f l a t s ,  which 
a r e  i l l u m i n a t e d  by t h e  two l a s e r  beams brought i n t o  c o i n c i -  
dence by a  beam-sp l i t t e r  t o  normal inc idence .  I n  a c t u a l i t y ,  
d  is  j u s t  t h e  l i n e a r  dimension of t h e  t e s t  gas conf ined 
i n  t h e  piston-compressor t e s t  s e c t i o n  s i n c e  on ly  over t h i s  
d i s t a n c e  ( 5  cm) does t h e  index of r e f r a c t i o n  change. The 
d i f f e r e n c e  i n  t h e  index of r e f r a c t i o n  from u n i t y  i s  l i n e a r l y  
dependent on t h e  n e u t r a l  gas d e n s i t y  
-5 For helium, An = (n-1) = 3.5 x 10 , and N S  TP = 2.68 x S  TP S TP 
1 9  -3 10 cm , s o  s u b s t i t u t i n g  (77) i n t o  (76) we o b t a i n  
where we used A = 6328 K .  The same d e r i v a t i o n  f o r  t h e  3 . 3 9 ~  
0 
l a s e r  beam would g i v e  simply a  f a c t o r  of 33.9/6.328 a 5.35 
fewer f r i n g e s  m f o r  any helium d e n s i t y  N . He 
The c o n t r i b u t i o n  of t h e  e l e c t r o n s  t o  t h e  r e f r a c t i v e  
index is given by t h e  well-known r e l a t i o n ,  assuming t h e  
c o l l i s i o n  frequency v << v ** 
c o l l  
where t h e  plasma frequency v i s  
P 
**  We n o t e  t h a t  by Lorentz  theory  of  p re s su re  broadening 
d i scussed  i n  t h e  f i r s t  p a r t  of S e c t i o n  11, Av wvcol l : .  
Thus even f o r  Na-D (5890 A )  broadened t o  Ah ' 10 A ,  
1 2  13 
n v =  cAh'8 .7  x 10 < < 8 . 8 5  x 10 " v and (79)  
2  3.391-1 
may be  used. 
S i n c e  n + l  - 2  we may make t h e  approximation 
and t h u s  w r i t e ,  u s ing  (79) and ( 8 0 ) ,  
S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  E q .  (76) and e v a l u a t i n g  f o r  
A = 3.391~. = v/c we f i n d  
0 
Once aga in ,  t h e  c o n t r i b u t i o n  a t  t h e  o t h e r  wavelength (6328 H) 
would g i v e  a f a c t o r  
fewer fringes for any given electron density N . 
e 
Aside from the factor 5.35 difference in the number 
of fringes at each wavelength, the possible contribution 
of N to m 
e 6328 A and NHe to m was further discriminated 3.39~ 
against by the gross difference in the total time interval 
in which the respective fringes could be expected. That is, 
while the total fringe count m 6328 1 is accumulated during 
the entire compression time or piston travel time ( -  25msec), 
the fringe count m is expected to significantly increase 3.39~ t 
(if there are electrons) just during peak compression and 
light emission times (-- 200 psec) . 
The actual line profiles were measured with a rapid- 
scanning Fabry-Perot interferometer (Cooper and Greig, 1963). 
As illustrated in Fig. 1, this instrument views the light 
emission along optical axis for temperature measurement at 
90" from the axis of the density measuring Fabry-Perot. 
Light from the compressed gas was directed into a plane 
parallel beam along the interferometer axis via a beam 
splitter, aperture, and lens. The collimated beam out 
of the interferometer was re-focused onto the entrance 
s l i t  of  a  monochromator, and t h e  i n t e n s i t y  i n  t h e  l i n e  of  
i n t e r e s t  recorded on an  o s c i l l o s c o p e  a s  t h e  ou tpu t  o f  a  photo- 
m u l t i p l i e r  a t  t h e  monochromator e x i t  s l i t .  The scanning o f  a  
given wavelength reg ion ,  chosen ( v i a  t h e  monochromator) t o  
inc lude  t h e  l i n e  of i n t e r e s t ,  was done by cont inuous ly  va ry ing  
t h e  s e p a r a t i o n  d  of  i n t e r f e r o m e t e r  f l a t s .  This  v a r i a t i o n  was 
i n  f a c t  accomplished by mounting one of  t h e  f l a t s  on a  piezo-  
e l e c t r i c  c r y s t a l  (ba r ium- t i t ana t e )  d r i v e n  a t  i t s  resonant  
frequency o f  - 15 kc .  s o  t h a t  t h e  e t a l o n  p o s i t i o n  o s c i l l a t e d  
about a  f i x e d  s e p a r a t i o n  d  and t h e  same wavelength i n t e r v a l  
0 
was r a p i d l y  re-scanned many t i m e s .  
Th is  i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  i d e a l  f r i n g e s  of a 
Fabry-Perot i s  desc r ibed  by A i r y ' s  formula ( ~ o r n  and Wolf, 
1959) 
where R and T a r e  t h e  r e f l e c t i o n  and t r ansmis s ion  c o e f f i c i e n t s  
of  each e t a l o n  and A = 2nd c o s i  ( o p t i c a l  r e t a r d a t i o n )  w i t h  
n = r e f r a c t i o n  index and i = ang le  of inc idence .  Transmis- 
2  
s i o n  maxima must t hen  occur when t h e  s i n  term vanishes ,  i . e .  
when A = mh, where m i s  an i n t e g e r  known a s  t h e  o r d e r .  Thus 
i f  A = c o n s t . ,  t h e  equ iva l en t  wavelength change 
+ 
corresponding t o  Om = -1 is  
where w e  have s e t  n  = 1 ( a i r )  and i = 0" (normal i n c i d e n c e ) .  
This wavelength i n t e r v a l  i s  known a s  t h e  f r e e  s p e c t r a l  range 
( h e r e a f t e r  o f t e n  abb rev ia t ed  FSR) and s e t s  t h e  s c a l e  f o r  t h e  
maximum bandwidth ( i . e .  l i n e  width)  r e s o l v a b l e  i n t o  f r i n g e  
o r d e r s  m w i t h  t h e  i n t e r f e r o m e t e r .  Because i n  each f r e e  
s p e c t r a l  range t h e  cond i t i on  mh= 2d m u s t  be s a t i s f i e d ,  it 
fol lows t h a t  
where d  i s  t h e  median s e p a r a t i o n  of  t h e  e t a l o n s .  Thus 
0 
w i t h i n  a  f r e e  s p e c t r a l  range t h e  change i n  wavelength Ah 
accepted  by t h e  f i r s t  focus ing  a p e r t u r e  (and hence t h e  i n t e r -  
fe rometer )  is d i r e c t l y  p ropor t iona l  t o  t h e  change i n  e t a l o n  
s e p a r a t i o n  Ad. Each t ime t h e  s e p a r a t i o n  changes by x/2, 
t h e  o rde r  m changes by one and t h e  scan  i s  r epea t ed ,  
Cooper and Greig (1963) show t h a t  t h e  s e p a r a t i o n  d  of 
t h e  two Fabry-Perot f l a t s  i s  
where y  i s  ampli tude of  o s c i l l a t i o n  of  t h e  resonant  v i b r a t o r  
0 
(barium t i t a n a t e )  w i t h  l e n g t h  6 ,  and sound speed c .  Then 
s o l v i n g  f o r  Ad/At and p u t t i n g  Ad = A/2, t h e  minimum t i m e  
r equ i r ed  t o  scan t h e  f r e e  s p e c t r a l  range is 
f o r  A i n  t h e  v i s i b l e  and r e sonan t  frequency f - 15 kc  and y 
0 
determined by t h e  breaking s t r a i n  of  t h e  varium t i t a n a t e .  
S i n c e  t h e  v e l o c i t y  of t h e  moving f l a t  p r e d i c t e d  by Eq. ( 8 7 )  
i s  l i n e a r  t o  w i t h i n  1% over t h e  c e n t e r  9% o f  t h e  ha l f -pe r iod  
(Cooper and Greig,  1963) ,  t h e  l i n e a r  t ime a x i s  of t h e  
o s c i l l o s c o p e ,  on which t h e  s e v e r a l  o r d e r s  of t h e  c e n t r a l  
f r i n g e  ( a s  seen  by t h e  monochromator) a r e  d i sp layed ,  is  a l s o  
t h e  l i n e a r  wavelength s c a l e .  Thus t h e  exper imental  l i n e  
wid th  could be read d i r e c t l y  from t h e  o s c i l l o s c o p e  p i c t u r e ,  
k n ~ w i n g  t h e  f r e e  s p e c t r a l  range ( E q .  ( 8 5 ) )  from a  measurement 
of d  w i t h  a  t r a v e l l i n g  microscope. 
0 
The r e s o l u t i o n  p o s s i b l e  f o r  such a  l i n e  wid th  measure- 
ment i s  determined by t h e  ins t rument  p r o f i l e  h a l f  wid th  Ah 
and is g e n e r a l l y  expressed i n  terms of  t h e  f i n e s s e  T 
The c o n t r i b u t i o n s  t o  t h e  f i n e s s e  from t h e  e t a l o n  r e f l e c t i v -  
i t y  s u r f a c e  d e f e c t s ,  and f i n i t e  scanning a p e r t u r e  wid th  a r e  
d i scussed  i n  d e t a i l  by Chabbal (1953) .  S u r f a c e  d e f e c t s  
( i . e .  depa r tu re s  from f l a t n e s s  and p a r a l l e l i s m )  o f  t h e  
e t a l o n s  a r e  t h e  c h i e f  l i m i t a t i o n s  on f i n e s s e ,  which i n  
p r a c t i c e  ( i . e .  f o r  A/50 f l a t s )  d o e s n ' t  exceed 25. 
From E q .  (88) we s e e  t h a t  s i n c e  t h e  ins t rument  wid th  is 
1 / ~  of  Ah, l i n e  wid ths  may be measured t o  an  e f f e c t i v e  
+ 
accuracy of  about - 1/2q . The a c t u a l  ha l f  w id th  o f  t h e  
Loren tz i an  p r o f i l e  of  t h e  p r e s s u r e  broadened l i n e  of 
i n t e r e s t  m u s t  be  determined from t h e  measured Voigt p r o f i l e ' s  
h a l f  wid th  by a  deconvolut ion of t h e  measured in s t rumen ta l  
Voigt  p r o f i l e .  The d a t a  a r e  f u r t h e r  complicated by t h e  f a c t  
t h a t  i n  g e n e r a l  ( q== 10) t h e  measured p r o f i l e s  a r e  over- 
l app ing .  Fo r tuna t e ly ,  Day (1967) has c a l c u l a t e d  e x t e n s i v e  
t a b l e s  f o r  j u s t  t h i s  purpose of e x t r a c t i n g  t h e  Loren tz ian  
h a l f  wid th  from measured over lapping  Voigt  p r o f i l e s ,  t h u s  
cons ide rab ly  s imp l i fy ing  t h e  r educ t ion  of t h e  d a t a  r epo r t ed  
below. 
C .  Operat inq Procedure 
A f t e r  cons ide rab le  exper imentat ion,  t h e  ope ra t ing  
procedures  f o r  optimum se l f - cons i s t ency  and r e p e a t a b i l i t y  
of  t h e  f i n a l  compressed gas  cond i t i ons  was e s t a b l i s h e d .  
With t h e  t ube  i n i t i a l l y  f i l l e d  w i t h  helium a t  p r e s s u r e  
P; = 10 rnm. Hg and an aluminum s h e e t  diaphragm chosen t o  
b u r s t  a t  ( t y p i c a l l y )  P O  = 130 p s i ,  t h e  helium d r i v e r  gas  5 
was brought  up t o  t h i s  p re s su re .  When t h e  diaphragm b u r s t s ,  
t h e  d r i v e r  gas funneled through t h e  p i s t o n  mount ( s e e  F ig .  1) 
i n t o  t h e  c e n t e r  of t h e  p i s t o n ,  thus  minimizing any i n i t i a l  
leakage of  d r iven  gas around t h e  p i s t o n .  The sound of t h e  
b u r s t i n g  diaphragm was conver ted by a  p i e z o - e l e c t r i c  micro- 
phone mounted s o l i d l y  on t h e  t ube  i n t o  a  pu l se  used t o  
t r i g g e r  t h e  o s c i l l o s c o p e  beam d i sp l ay ing  t h e  p r e s s u r e  
t r ansduce r  o u t p u t ,  The t ime s c a l e  used f o r  t h i s  beam w a s  
t y p i c a l l y  10 msec/cm, a s  t h e  ( - 100 gm) p i s ton  required 
about 30 msec t o  reach x  and maximum compression. The 
m 
pressure  t r a n s d u c e r ' s  charge ampl i f ie r  was s e t  a t  a  gain 
max 
s u f f i c i e n t  t o  give a  pu l se  of seve ra l  v o l t s  a t  P , and 1 
t h i s  s i g n a l  was i t s e l f  used t o  t r i g g e r  t h e  o s c i l l o s c o p e ' s  
second time base t o  record t h e  output of t h e  two tempera- 
t u r e  measurement monochromators. Due t o  t h e  usua l ly  f a s t  
r i s e  time of t h e  pressure  pulse  ( 4 1 msec), t h e  exact t r i g g e r  
l e v e l  f o r  the  monochromator's osc i l loscope  record was not  c r i t i -  
c a l  and was usual ly  s e t  a t  -- l v .  The time s c a l e  f o r  t h e s e  
two beams was 200 psec/cm., s i n c e  t h e  t o t a l  dura t ion  of 
l i g h t  emission was t y p i c a l l y  < .6 msec. Af ter  s e v e r a l  t r i a l  
sho t s ,  t h e  "exact" timing of the  l i g h t  emission wi th  r e spec t  
t o  t h e  chosen t r i g g e r  l e v e l  on t h e  pressure  pulse  could 
be ascer ta ined ,  and t h e  t iming of t h e  FX-12 f l a s h  lamp was 
then appropr ia t e ly  adjus ted  by means of an independent 
e l e c t r o n i c  delay u n i t .  This delay was adjus ted  s o  t h a t  t h e  
FX-12 f i r e d  j u s t  before maximum l i g h t  emission. 
This same FX-12 t r i g g e r  pulse  was a l s o  brought t o  t r i g g e r  
t h e  sweep of two o the r  osc i l loscopes  - one t o  record t h e  
r ap id  scanning Fabry-Perot output  on a  5 psec/cm time base 
and t h e  o ther  t o  record both the  f r inges  a t  6328 1 and a t  
3 . 3 9 ~  from t h e  N - and N - measuring Fabry-Perots,  r e s p e c t -  He e  
i v e l y ,  on a  200 ysec/cm time base .  Thus t h e  l i n e  wid ths  were 
measured s imul taneously  w i t h  t h e  temperature  de t e rmina t ion ,  
wh i l e  t h e  t o t a l  l a s e r  f r i n g e  counts were compared from t h i s  
t ime u n t i l  t h e  end of l i g h t  emission f o r  t h e  e s t i m a t e  o f  N . 
e  
S t i l l  ano ther  o s c i l l o s c o p e ,  t r i g g e r e d  by t h e  i n i t i a l  diaphragm 
b u r s t ,  d i sp layed  on two s e q u e n t i a l  t ime bases  ( 2  ysec/cm and 
1 ysec/cm) t h e  t o t a l  f r i n g e  count a t  6328 from t h e  t ime of  
t h e  diaphragm b u r s t  t o  peak compression f o r  t h e  de te rmina t ion  
of N . A s  t h i s  record  a c t u a l l y  extends on t o  perhaps 5 msec 
He 
a f t e r  peak compression, t h e  f r i n g e  count dur ing  decompression 
provided a comparison check. 
A sma l l  sample of f i n e l y  powdered non-deliquescent s a l t  
of  t h e  p a r t i c u l a r  element whose pressure-broadened spectrum 
i s  t o  be s t u d i e d  may be puffed i n t o  t h e  i n i t i a l l y  evacuated 
t e s t  s e c t i o n  w i t h  t h e  suppor t ing  helium gas .  Observat ions  of 
t h e  s e t t l i n g  t ime of t h e  sample p a r t i c l e s  have shown t h a t  
t h e r e  i s  t y p i c a l l y  a  per iod of s e v e r a l  seconds dur ing  which 
t h e  p i s t o n  can be f i r e d  t o  i n s u r e  maximum homogeneity of 
t h e  sample i n  t h e  t e s t  ga s .  Such a sample i n j e c t i o n  technique  
is,  of  course ,  e s s e n t i a l  f o r  l i n e  p r o f i l e  measurements of  
most elements of a s t r o p h y s i c a l  i n t e r e s t ,  such a s  Mg, Ca, o r  
S i  which wouldn ' t  normally be  p re sen t  i n  t h e  t ube  a s  impur- 
i t i e s .  However, it was found t h a t  enough Na was p r e s e n t  a s  
an impur i ty  i n  t h e  t e s t  s e c t i o n  and on t h e  p i s t o n  i t s e l f  
t h a t  a d d i t i o n a l  i n j e c t i o n  (of Na SbO ) was unnecessary.  3 
P a r t i c u l a r l y  s i n c e  t h e  Na-D l i n e  s t u d i e d  i s  a  resonance 
t r a n s i t i o n ,  it was found t h a t  upon i n j e c t i n g  a d d i t i o n a l  sodium 
s a l t s ,  t h e  r e s u l t i n g  coo l  boundary l a y e r  was s e v e r e  enough t o  
cause  a p p r e c i a b l e  s e l f - r e v e r s a l  i n  t h e  l i n e  core ,  thereby  
confus ing  any measurements of t h e  width .  With no sample 
i n j e c t e d  though, t h e  Na boundary l a y e r  appears  t o l e r a b l e  
even though t h e  Na must come from t h e  w a l l s .  This is  p a r t i -  
c u l a r l y  t r u e  f o r  s h o t s  w i t h  maximum p r e s s u r e  p u l s e  rise t imes  
and hence r a t e s  of  hea t ing  and mixing. The p re s su re  p u l s e  
rise t i m e  i n  t u r n  i s  d i c t a t e d  by t h e  leakage of  compressed 
gas  around t h e  p i s t o n  and hence t h e  p i s t o n  f i t .  U l t ima te ly  
t h e  b e s t  way found t o  t i g h t e n  t h e  p i s t o n  f i t  (when needed) 
f o r  each s h o t  was t o  compress t h e  p i s t o n  i n  a  p r e s s  t he reby  
f l a r i n g  o u t  t h e  l e a d i n g  and t r a i l i n g  s e a l i n g  edges.  
The al ignment of  t h e  two co inc iden t  beam density-measur- 
i n g  l a s e r  Fabry-Perot i n t e r f e rome te r s  was d i f f i c u l t  i n  t h a t  
t h e  r e f l e c t e d  beams must n o t  re -en te r  t h e  (6328 );) l a s e r  t o  
p revent  e x c i t a t i o n  of spur ious  modes. However, t h e  r ap id -  
scanning Fahry-Perot was even more c r i t i c a l  a s  i t s  al ignment 
i s  s u b j e c t  t o  thermal and mechanical e f f e c t s  and is  s t a b l e  
f o r  a t  most only s e v e r a l  minutes. Therefore, when a l l  o t h e r  
prepara t ions  had been made t o  f i r e  a  shot ,  t h e  c a l i b r a t i o n  
scan of a  reference Na-lamp was taken a t  5890 1, and t h e  
s h o t  f i r e d  a s  soon a s  poss ib le  t h e r e a f t e r .  I f  poss ib le  a  
second c a l i b r a t i o n  scan was made of t h e  reference  lamp 
a f t e r  t h e  sho t  f o r  comparison purposes. The c a l i b r a t i o n  
scans a r e  e s s e n t i a l ,  of course,  f o r  t h e  measurement of t h e  
f i n e s s e  o r  instrument p r o f i l e  of t h e  in ter ferometer .  F ina l ly ,  
we note  t h a t  i n  p r a c t i c e  t h e  entrance and e x i t  s l i t s  of t h e  
monochromator (F ig .  2 )  f o r  t h i s  i n t e r f  erometer were kep t  
wide i n  a n t i c i p a t i o n  of a  ( r ed )  s h i f t  from 5889 1 of t h e  
experimental  p r o f i l e .  Unfortunately,  t h i s  experiment is 
no t  a t  present  equipped t o  measure q u a n t i t a t i v e l y  t h i s  s h i f t .  
I V .  EXPERIMENTAL RESULTS 
I n  p r a c t i c e ,  c a r r y i n g  o u t  t h e  ope ra t ing  procedure 
o u t l i n e d  above, which i t s e l f  was t h e  r e s u l t  of many o t h e r  
methods a t tempted,  proved t o  be  q u i t e  d i f f i c u l t .  Many 
unforeseen problems a rose  : s t r u c t u r a l  f a i l u r e s  of t h e  p i s -  
t o n  compressor t e s t  s e c t i o n ,  c o u n t l e s s  problems wi th  p i s t o n  
f i t ,  low frequency l a b o r a t o r y  v i b r a t i o n s  g i v i n g  mis leading 
d e n s i t y  i n t e r f e r o m e t e r  f r i n g e  counts ,  and many more. However, 
t h e s e  problems were a l l  solved,  o r  a t  l e a s e  minimized, and 
we may summarize o u r  r e s u l t s  a s  fol lows.  
The f i r s t  measurements ob ta ined  were va lues  of t h e  
p r e s s u r e ,  temperature ,  and n e u t r a l  d e n s i t y  a t  (approximately)  
maximum compression. These va lues  were found t o  be  u s u a l l y  
q u i t e  s e l f - c o n s i s t e n t ,  i .e.  t hey  s a t i s f i e d  t h e  i d e a l  g a s  
r e l a t i o n  P = NkT. The d i sc repanc ie s  amongst t h e s e  va lues  
could u s u a l l y  be  expla ined  by e i t h e r  a l a c k  of e x a c t  
s i m u l t a n e i t y  i n  a l l  t h r e e  measurements o r  by a l ack  of 
exper imental  r e s o l u t i o n ,  p a r t i c u l a r l y  f o r  t h e  p re s su re  
measurement. These f i n a l  exper imental  va lues  of P ,  T ,  and 
NHe could g e n e r a l l y  be  f i t  t o  a s e t  of c a l c u l a t e d  curves  
(e .g .  Fig.  4)  f o r  an i d e a l  helium p i s t o n  compressor with 
0 0 the  a c t u a l  d r i v e r  pressure  P f o r  a  proper choice of P 
2 1" 
This adjusted value of the  i n i t i a l  t e s t  gas  pressure  was 
0 g r e a t e r  than the  a c t u a l  value of P used and provided a  1 
measure of the  i n i t i a l  p i s t o n  leakage a s  wel l  a s  probable 
( f i n a l )  p i s ton  leakage of the  compressed gas .  That f i n a l  
p i s t o n  leakage must probably occur was indica ted  by t h e  
f a c t  t h a t  on some sho t s  the  p i s t o n  p a r t i a l l y  blocked t h e  
windows, g iv ing  an upper l i m i t  on x  (Fig. 4 ) .  
m 
The experimental c a p a b i l i t y  t o  measure e l e c t r o n  
d e n s i t i e s  was not  acquired u n t i l  a f t e r  much of the  i n i t i a l  
work had been done, and thus  comparisons of es t imates  of N 
e  
with the  Saha values predic ted  f o r  measured P, T ,  and N 
have only recen t ly  been poss ib le .  The Saha c a l c u l a t i o n s  
were c a r r i e d  out  using the  H.C.O. computer program "EXCIT 6",  
which ca lcu la ted  i o n i z a t i o n  equi l ibr ium a t  sodium concentra- 
t i o n s  ranging from .l% t o  5% and over the range of experiment- 
a l  pressures  (300 p s i  - 3000 p s i )  and temperatures ( - 2 5 0 0 ~ ~  - 
6 0 0 0 ' ~ ) .  The experimental  r e s u l t s  were q u i t e  c o n s i s t e n t  
with these  c a l c u l a t i o n s .  That i s ,  a  t y p i c a l  shot  f o r  which 
Na sample was i n j e c t e d  with the  helium gave ( 5  f r i n g e s  a t  
1 6  -3 3.39 ) ,  N ~ 3 . 3 ~ 1 0  c m  f o r  a m e a s u r e d p -  7 0 0 p s i ,  
e  
20 -3 T =  3500 K ,  and N " 1.0 x 10 cm . These values a re  a l l  
He 
almost  e x a c t l y  c o r r e c t  f o r  t h e  Saha c a l c u l a t i o n  wi th  a Na 
concen t r a t i on  of  5%. Although t h e  sample i n j e c t i o n  tech-  
nique does  n o t  pe rmi t  an e x a c t  knowledge of t h e  sample 
c o n c e n t r a t i o n  i n  t h e  t e s t  ga s ,  a  5% concen t r a t i on  seems 
ve ry  reasonable  i n  l i g h t  of p a s t  shock tube  work. A s  
mentioned above, however, t h e  Na-D l i n e  p r o f i l e  measurements 
were made wi thout  i n j e c t i n g  N a  i n  a  powdered s a l t .  The 
3.39 p f r i n g e s  dur ing  l i g h t  emiss ion f o r  t he se  s h o t s  were 
s i m i l a r  i n  r e l a t i v e  t iming b u t  about  4-5 t imes l e s s  dense 
than t h e  corresponding f r i n g e s  a t  6328 i. We conclude then  
t h a t  t hey  r e p r e s e n t  f o r  t h e  most p a r t  t h e  changes i n  t h e  
16 -3 
n e u t r a l  helium d e n s i t y  and t h a t  ( s e e  eq. ( 8 3 ) )  N 4  10 cm 
e  
f o r  t h e s e  s h o t s  w i t h  measured temperatures  i n  t he  range 
2650°K < T < 4500°K, and d e n s i t i e s  10 20 20 
- - 4 NHe4 3.2 x 10 . 
The Saha c a l c u l a t i o n s  again  show t h a t  t h e s e  cond i t i ons  a r e  
n e a r l y  s e l f - c o n s i s t e n t  wi th  those  c a l c u l a t e d  f o r  Na concen- 
t r a t i o n s  of <.I%, which seems n o t  unreasonable f o r  an 
impur i ty  l i k e  Na s o  e a s i l y  in t roduced  even by handl ing t h e  
p i s t o n .  
The exper imental  r e s u l t s  of t h e  measurements of t h e  
Na-D (5889 k )  width i n  helium a r e  g iven  below and i n  t h e  
log-log p l o t  (F igure  9 )  of hal f -width  a s  a  func t ion  of 
helium dens i ty .  I n  p l o t t i n g  these d a t a  (Figure 9 )  we have 
used t h e  l a s t  two columns of Table 1. The e r r o r  b a r s  on 
i n f  m the  adopted dens i ty  a r e  equal  i n  length t o  ( N  - N 1 ,  
and t h e  (minimum) e r r o r s  i n  the  widths a r e  a t  l e a s t  k1/2q 
where q i s  the  f i n e s s e  a s  discussed above. The widths 
have a l l  been normalized t o  the  a s t rophys ica l ly  i n t e r e s t i n g  
m T = 4 5 0 0 ~ ~ ~  which was the  approximate measured T f o r  d a t a  
(111). The normalizat ion assumes a  (weak) temperature 
dependence of Ah a s  given by our impact approximation r e s u l t ,  
eq. ( 5 5 ) .  
I t  i s  unfortunate  t h a t  the  d a t a  a l l  f a l l  w i th in  the  
20 20 i n t e r v a l  10 < N < 3 x 10 b u t  t h i s  i s  a  consequence of 
- - 
t h e  depar tures  of our p i s t o n  compressor from t h e  i d e a l  
behavior discussed above. Of the  s i x  d a t a  groups obtained,  
only t h r e e  a r e  a c t u a l  measured widths;  the  l a s t  th ree  
represent  lower l i m i t s  d i c t a t e d  by the  p a r t i c u l a r  f r e e  
s p e c t r a l  range of the  r ap id  scanning Fabry-Perot. The 
length  of the  upward poin t ing  arrow (Figure 9)  on these  
t h r e e  lower l i m i t s  i n d i c a t e s  the  degree t o  which f r i n g e s  
( i . e .  l i n e  p r o f i l e s )  a re  Lacking; i , e .  the  d a t a  of ( V I )  
shows no evidence of f r i n g e s  while ( I V )  ( e s p e c i a l l y ) ,  and 
(v) both  show a  vague suggestion of p r o f i l e s  t h a t  might 
have been measured a t  l a r g e r  F,S.R, 
A s t r a i g h t  l i n e  with u n i t  s lope may (cau t ious ly )  be 
drawn through d a t a  po in t s  ( I ) ,  ( I )  , and ( I ) .  This 
would be an important confirmation of t h e  maintenance of 
a l i n e a r  r e l a t i o n s h i p  between half-width and per turber  
dens i ty  a t  these  high d e n s i t i e s ,  and one would be tempted 
t o  ex t rapo la te  back t o  the  photospheric d e n s i t i e s  of 
17 -3 N '  10 cm and thus  i n f e r  (from t h e  r a t i o  of the  d ipo le  
p o l a r i z a b i l i t i e s  of helium and hydrogen) the  values of 
t h e  s o l a r  Van d e r  Waals damping cons tant  ( see  Conclusions 
below). The experimental  d a t a  and t h e i r  l i n e a r  i n t e r p r e t a -  
t i o n  f i n a l l y  provides a  check on the  r e s u l t  of our impact 
approximation c a l c u l a t i o n  f o r  the  width, eq. (55a) ,  and 
the  s i m i l a r  r e s u l t  obtained by Griem (1964),  which d i f f e r s  
only by a f a c t o r  3/2 under the  brackets .  
A computer program was used t o  evalua te  Griem's r e s u l t  
f o r  Na-D i n  He over t h e  range of experimental temperatures.  
For purposes of comparison with the  l i n e a r  i n t e r p r e t a t i o n  
of the  d a t a  i n  Figure 9, the  r e s u l t  f o r  4 5 0 0 ' ~  and broaden- 
= 1.347 b. a t  N = 10 20 ing of the  upper s t a t e  only was ~h Griem 
TABLE 1: EXPERIMENTAL HALF WIDTHS OF N a  ( 5 8 8 9  A) I N  H e  
D a t a  
N o  a. 
M e a s u r e d  
L o r e n t z i a n  
H a l f  - w i d t h  
m 
M e a s u r e d  M e a s u r e d  
P r e s s u r e  
pm 
I n £  erred M e a s u r e d  
H e l i u m  I H e l i u m  A d o p t e d  H e  N o r m a l i z e d  ( 4 5 0 0  T e m p e r a t u r e  
T~ 
D e n s i t y  
D e n  it 
N ~ e  fl H e  
l n  i Density 
1 2 5 0  p s i  
N 2 5 0 0  p s i  
- 
1 3 2 0  p s i  
-- 
(I"] %1000 p s i  
1870 p s i  
i n s t ead  of the  value A A ~  = 6.1  A from Figure 9. Thus our 
experimental r e s u l t ,  i f  indeed l i n e a r ,  g ives  4.5 times 
20 
the  broadening predic ted  by Griem a t  N = 10 . The same 
computer eva lua t ion  gave f o r  our expression eq. ( 6 0 ) ,  t h e  
l i m i t i n g  d e n s i t y  value 
and thus  we may t e n t a t i v e l y  assume t h a t  our experimental  
r e s u l t s  a re  s t i l l  wi th in  t h e  l i m i t s  of the  impact approxima- 
t ion .  Recal l ing eq. ( 6 6 ) ,  we have a d d i t i o n a l  reason t o  
be l i eve  t h a t  the  experimental  A A  vs. NHe curve should be 
P 
l i n e a r  a s  opposed t o  quadra t i c  i n  N. 
The discrepancy of Figure 9a with the  impact approxima- 
t i o n  r e s u l t  shown i n  Figure 9b may be lessened somewhat i f  
I 
t h e  same equation (55a) i s  appl ied t o  the  lower l e v e l  of the  
t r a n s i t i o n .  Then i f  t h e  broadening of both l e v e l s  i s  na ive ly  
added, t h e  theory g ives  Ah = 2.427 a t  N = 1 x 10 
20 
~ r i e m  
f o r  a discrepancy of 2.5. There i s  c e r t a i n l y  j u s t i f i c a t i o n  
f o r  considering the  broadening of the  lower l e v e l ,  and 
Traving (1959) e s t ima tes  t h a t  i t s  proper inc lus ion  may 
increase  t h e  e f f e c t i v e  i n t e r a c t i o n  cons tant  by a f a c t o r  
of 5 t o  10. However, it i s  un l ike ly  t h a t  we may apply 
the  same theory t h a t  gave eq. (55) ( s ince  i n  going from 
eq. (31)  t o  (32) we neglected one 1 e v e l ) t o  both s t a t e s  
and simply add t h e  broadening. Therefore our f i n a l  
remarks w i l l  be r e s t r i c t e d  t o  comparisons with the  one- 
l e v e l  c a l c u l a t i o n ,  and we adopt t h e  value 
a s  t h e  r e s u l t  of our measurements f o r  t h e  ha l f  width of 
Na (5890 i-) i n  He a t  4 5 0 0 ' ~ .  
This measured half-width may be e n t i r e l y  ( t o  wi th in  
experimental  accuracy) a t t r i b u t e d  t o  pressure  broadening 
by n e u t r a l  helium atoms. That i s ,  f o r  the  measured 
16 -3 
N 4 10 cm , Griem (1964) g ives  the  S ta rk  broadened 
e 
half-width of only .022 i . Also, a t  T = 4 5 0 0 ' ~  the  
Gaussian p r o f i l e  Doppler half-width i n  angstrom u n i t s  i s  
F i n a l l y ,  t h e  resonance broadening of Na-D may a l s o  be 
neg lec t ed  i n  view of t h e  f a c t  t h a t  N Na << NHe * 
V. CONCLUSIONS 
F i r s t  we should l i k e  t o  compare our r e s u l t  given i n  
(89)  with o the r  experimental determinat ion of Na-D 0, 5890) 
broadening i n  He, notably t h a t  of Behmenburg (1964). 
Behmenburg found the  broadening t o  be g r e a t e r  by a  f a c t o r  
of 2 than the  Van d e r  Waals p red ic t ion  a t  N = 3 x 10  18 He 
and T = 2 6 5 0 ° ~ .  H i s  measurements were r e s t r i c t e d  t o  
approximately these  temperatures and d e n s i t i e s ,  and were 
performed using a  sodium flame i n t o  which various per turb ing  
gases  were mixed. The r e s u l t s  f o r  helium a re  ambiguous f o r  
seve ra l  reasons,  however. F i r s t ,  it i s  n o t  c l e a r  (Ch'en A, 
and Takeo, 1957) how important the  Doppler broadening i s  
under flame condi t ions .  Second, and more important t o  t h e  
d a t a  ana lys i s ,  t h e  ques t ions  of complete mixing of the  He 
and Na atoms a s  we l l  a s  the  broadening con t r ibu t ions  of 
impurity gases  necessa r i ly  a r i s e .  Behmenburg po in t s  o u t  
t h a t  f o r  h i s  helium measurements, only 75% of t h e  flame 
gases  were He, the  remaining 25% being l a r g e l y  CO CO, 2 ' 
H 2 0 ,  and OH. I t  i s  q u i t e  poss ib le ,  then,  t h a t  Behmenburg's 
r e s u l t s  and our measurements, t h a t  would suggest a  f a c t o r  
of 4.5 discrepancy with theory a t  these  d e n s i t i e s ,  a r e  i n  
agreement. 
For purposes of eventua l ly  cons t ruc t ing  more adequate 
t h e o r i e s  of the  broadening a t  t h e  d e n s i t i e s  measured here ,  
it may be u s e f u l  t o  eva lua te  (by the  e x i s t i n g  theory)  t h e  
experimental  value of the  i n t e r a c t i o n  cons tant ,  C6.  T o  do 
t h i s ,  we s h a l l  equate our r e s u l t ,  eq. (89 ) ,  with the  impact 
approximation, eq. ( 5 9 ) ,  w r i t t e n  with the  3/2 f a c t o r  
( ~ r i e m )  t o  f a c i l i t a t e  comparison with t h e  ca lcu la ted  widths 
quoted above 
Solving then f o r  t h e  experimental value of t h e  Van der  
Waals cons tant ,  czxP 
-59 
-3.23 x 10 e rg  cm 6 
where we have s u b s t i t u t e d  A = 5890 8 ,  and T = 4 5 0 0 " ~  
0 
- 
i n t o  eq.  (53) f o r  v . The t h e o r e t i c a l  va lue  of  C 6 
pred ic t ed  by eq. (50) i s  
(theory 2  2  -59 = e a  <r > - 5 . 2 3  x 10 e r g  cm 6 He Na 
where we have used t h e  va lue  f o r  t h e  helium d i p o l e  
p o l a r i z a b i l i t y  
For cons i s tency ,  we should have used t h i s  more a c c u r a t e  
va lue  f o r  a i n  e v a l u a t i n g  (91) i n s t e a d  of t h e  approxima- He 
t i o n  of eq.  (57) 
used i n  t h e  d e r i v a t i o n  of  eq.  (59) and hence ( 9 1 ) .  Thus 
we d i v i d e  t h e  r e s u l t  of (91) by t h e  r a t i o  o f  t h e s e  two 
p o l a r i z a b i l i t i e s ,  1.36 f o r  t h e  more " a c c u r a t e u  exper imental  
va lue  
cixP , 2.37 x 10 -57 e r g  cm 6 
This  va lue  d i f f e r s  from (92) t h e n  by r a t i o  of  t h e  observed 
t o  c a l c u l a t e d  broadening t o  t h e  5/2 power, (4 .5)  *5 .  r t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  t h e  i n c l u s i o n  o f  t h i s  b e t t e r  va lue  
f o r  a given  (93) j u s t  about  e x a c t l y  accounts  f o r  t h e  3/2 He 
d i sc repancy  between our  impact approximation r e s u l t  eq .  (55) 
and t h a t  g iven  by Griem (1964) .  We n o t e  t h a t  o u r  r e s u l t  (95) 
i s  about  seven t i m e s  l a r g e r  t han  t h e  va lue  Hindmarsh e t  a 1  
--
(1966) g i v e  f o r  Behmenburg's work. 
We conclude by no t ing  t h a t  f o r  t h e  broadening of Na 
(5890 1) i n  n e u t r a l  hydrogen, t h e s e  measurements i n  helium 
sugges t  a l a r g e r  d i sc repancy  w i t h  t h e  widths  c a l c u l a t e d  by 
eq.  ( 5 5 ) .  This  would be of t h e  o rde r  
which would suggest  a  f a c t o r  of b8 discrepancy wi th  t h e  
t h e o r e t i c a l  es t imates  used ( ~ r i e m ,  1964) i n  s t e l l a r  
atmospheres work t o  da te .  The impl ica t ions  of t h i s  would 
be g r e a t  indeed a s  it would n e c e s s i t a t e  ass igning  t h e  l i n e  
(wing) formation regions f o r  t h e  s o l a r  Fraunhoffer D-lines 
t o  higher l a y e r s  of lower (by a  f a c t o r  of 28) hydrogen 
dens i ty .  However, such a  q u a n t i t a t i v e  p red ic t ion  is  s t i l l  
premature and a c t u a l  broadening measurements i n  n e u t r a l  
hydrogen must be made a s  t h e  a c t u a l  i n t e r a c t i o n  p o t e n t i a l  
f o r  both He-Na ( e s p e c i a l l y )  and H-Na systems i s  most c e r t a i n -  
l y  not  j u s t  Van der  Waals, but  a t  l e a s t  Lennard-Jones (eq .  ( 7 ) ) .  
I n  f a c t  a  complete s p e c i f i c a t i o n  of t h e  i n t e r a c t i o n  must 
inc lude  an over lap  of t h e  per turber  and emi t t e r  wave func- 
t i o n s ,  which we neglected a t  t h e  o u t s e t  i n  favor of t h e  
simple c l a s s i c a l  pa th  approximation. 
A more accura te  s e r i e s  of He-Na measurements ( a t  lower 
d e n s i t i e s )  is  needed t o  e s t a b l i s h  t h e  l i n e a r i t y  suggested 
by our measurements and thus  remove t h e  uncer ta in ty  i n  
e x t r a p o l a t i n g  over s e v e r a l  orders  of magnitude of t h e  
perturber density. Towards this end, and in hopes of 
measuring the broadening in hydrogen and possibly even the 
resonance broadening of Lyman-a, a new much longer piston 
compressor is being built. It is hoped that the work reported, 
here has at least established some of the groundwork for 
these future investigations. 
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